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INJRODUCTION

Many univérsitieéfand:co1ié§es are now offering eourses:shgwing
ﬁaw'physics feTEtes to music andxarfi However, most‘1aborétary ex-
periments in the past have been désigneﬂ for future pﬁgéicisté, and -
tend to "turn off"gart and musié studenés; - It was ourﬁgim jh'pu%t{ngi
together this manual, to aesi;n aeéeries of expe;iment§=whiéh would
~ be stimulating' and insthuctive to sfuagﬁéé of tﬁé arts, whose aﬁpréaﬁhé
to experimentation is so different from science stﬁdents; i

- The expgriments in some éases, dup1icate certain féatures, since
they were devised by different groupéi HoWevér, it is felt that in ~
brder to circulate this Faf usé*in the immediafe future, itbgDUTa'bE .
better not to alter them. The experiments are of very‘variéd character
and level, and it is hoped that different %e;tions;wiIIgappea1 to dif;
ferent teachers. - ¢ »

In discussing an experimental course for musicians and artistsg_:
‘we must first consider what concepts we wish to convey. The "scientific
approach" is probably the most important new idea to students whose |

primary motive is to influence our sensés, although to_put down in con-

crete terms what is meant by this approach i% often difficult. The first’

consideration is probably to define the pﬁqbiem; inrmany cases it is
more important to ask the rightmqgesti@n_tﬁén to find the right answer,
since there is no advantage to ansQerin;fa ﬁfivia1 question. In ﬁhe
first experiment, for example, oﬁe migh;iask; is.there a re1atiéﬁéhip
between the period of a spring and the mass it supports? Such a causal
relationship was not obvious to .the ear?y,sciéﬂti§ts, and the somewhat
mystical way in which Robert Hdake describes his experiments makes
interesting reading today. Then we may ask, how can we study such a

™, - ' & e
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relationship? Physicists differ from observational scientists, such-

. _as gegiﬁgists!an betanﬁsts, in generally trying to perform exéerimenté

=

- in a ]aberatory under cantro1]ed cond1t1on5,w1th the accompanying problems
+  of- -accurdte measurement Th1rd1y comes the analysis Gf the results, and ;ggi/fg
the :onfinming or refuting. of a mathematica] re?atiansh1p between the

3
quant1t1es be1ng observed, to some known degree of accuracy. The prab1em

&

.of accuracy, even if treated in a%yery e1ementary way, is of 1mporf§nce,
— )
' 51nce many physica? laws (e g. those of Newton) are obeyed only approx1mate1y

-Last ]y, WE\@Ly ask, how do these results relate to other th1ngs, such as
Dther prqpert1e5.ﬂf matter, and is there a more fundamenta] exp]anatTon

) far the resu]ts, fitting into the general pattern of physics - for example,
in the case of Hooke's Law, this would be in terms of the atomic and

-

- molecular forces of a solid to the extent that they ‘are linear“or propor-- .

tional to displagement to a firsteapproximation.

- In addition to the 10§icai deduction fron observation, which is
the basic mechanism physicists use to develop their science, we must ask
what branchés of physics are of most interest, or re1evaﬁt to musicians
and art%stS, In addit1on w1th1n such branches we wish to 1ntroduce con-
cepts, or perhaps a way of looking at things, -which would not otherwise
occur to the student, but the way in which we introduce these concepts
must be such that they become or bear direc ctly on, the way of life of the

0 :student . The obgect is to use, as examples, things with which the student
comes into constant contact, to reinforce what he has been téidsor found
out. The problem with many e1ementi§y science caqFEes is that the sub-
Ject§ of study are frequently not things with wh1ch the student normally

comes into contact. He may seeig Geiger counter once in his life, but

the concept works -the wrong way'round. He says - gee whizz -~ a Geiger

A
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counter - that's the thfng I'did in the physics couFse. But what we would
like him to say is - I md%t change the strings on.my vio1in, fhey are non-
uniform, and that produces poor harmonics, as I showed stelf in physics.
The pg1nt being, he will know-why his violin sounds poor. What aspects
af phys1cs, then, are usefu]&?a musicians and artists? |
To start with, we must examine the‘overlap between art, music,
and phy51csi Their common meeting place lies in wave motion. Musicians
are interested in sound, and artists in light - evenm sculptors look at
the p]é; QF\Tight on their statues. Hence, we must clearly emphasize ex- ~
periments on sound and light. S~ e i
Experimental physics courses conventionally start with an exercise
‘on vectors, followed by experiments on velocity, momentum and energy, Time

effectively rules out such experiments for music and art students, and it

&

is better to iésert such concepts into ;ther experiments,using the re-
lationship between energy and intensity for waves, both i? the casg'af
bight and sc:lundi and showing that pawe; in watts of sound or 1ighﬁ is the
sgféame as the wattage on a light bulb. -We have found that it is necessary
to devote the Jargér part of the course to these experiments on wave motion,
]ight and sound, i%aétudents are 'to get a tidﬁough understanding. A cur= °
sory survey proves useless since the students are unable to follow the
new, and to them réther esoteric, ideas. -
The initial experimeﬁts should be devoted to “the généra] concept
of vibrations - amplitude, fréauéniy, and the nature anﬁ types of toﬁe
producing simple haﬁﬂDn1C mot1on There are advantages to using .springs
‘ to provide the S.H.M. force," e1ther a weight on a spring, or a glider on
. v .

a linear air trough, since Hooke's law can be discus-ed, which is later

nsed to'explain vibrations in musical instruments, reeds, gongs, strings




and 3o féfth. Tﬁe extension of Hooke's Law to wave motion can be
demonstrated Eyhook{ng\togethar successive weights, or gliders, using
springs_' Such experiments are given in the text. |
7 In connection wi%h frequency and amp1%tude,;it is useful at this
.stage that Eﬁsic students shoqu be éapaé1elof associating their intuitive
¥23: or tra1ned concepts of pitch and loudness w1th§¥;; physical-quantities
Hertz and 1ntens1ty Th1s can be done simply by c1amp1ng a piece of spring
steel] to-the tab]e so the vibration can éas11y be seen at Tow fr;guency, o
and the pitch heard to go up as the length v1brat1ng is shortened. The -~
amplitude of vibration is also clearly seen to be associated with .loudness.
A next .step mightebé the idea of tré@e1ing waves. The concept of wave-
length and velocity, and their reiationshipgto‘frequency should be de-
monstrated. A Suitagle experimént for this, is thé_speed of sound in a%r
fggiven in the text. T%igzis CGﬂ%SE}HETTy simplier and aestﬁetica11y more
appealing thgn the uéua1‘expeqﬁméﬁt involving a tuniné fork and ;esgﬁaqt
water Fi]}ed tube. Logically the next subject should bé standiﬁg wéve%i
leading to vibrations in musical instruments. Waves on strings EFE-COﬂ=*
venient to start with, since éuch waves a;e easily visualized. Standing
- waves on-strings can be used tgtdemonstraté modes of vibration, harmonics,
and the re1ati@n$hip between g;nSion, mass per unit length, speed, wave-
length and frequency on a string. It is part1cu1ar1y interesting to use
a non-uniform Stfing to demaﬂftrate anhﬁ?m@n1c modes, since it 15 dif-
ficult for non-music students to realize the importance of usjng a uniform
string to obtain a pleasant, harmonic tone. |
Expetiments on standing waves in pipes should follow those on
' strings, e%;%asiz being placed on démangtrating the Gdd'harmaﬁics found

. |
in a closed pipe, and the full range of harmonic found in a pipe

N

open at’both ends or a conical pipe.




‘f in pipes and on stﬁings, it seems TDgical to extend to two and, three

. Hav%ng e§ﬁétimented bn‘t@e one dimensional ane:thiDn occuring
dimensions. The concept of interféreﬁce provides us with a convenient ’
method to introduce this. Two dimensional twin source interference can
easi]y be{demoﬁStrazgd using a rﬁpﬁ?e tank, “and then_extended to tw; sound-
sources, such as TOUdSpEékeré or 40 kc transducers. The Iat§er have the:
 advanta e and disadvantage of being inaudible, and the interference field
is codéiﬁ?zgtiy sma]]Z‘eThen one can éo to Iight sources, Bs%ngfé;?aser.
This eﬁphasizes theiéomﬁbn‘qua1jties of wave motion. It also sénVes to
; : J
introduce light as'a wave mbﬁian, and further experiments on the wave "
nature of Tight‘fd1low Détuq§11yi Experiments on the velocity of light
. are réther complex and involved, and‘best omitted except for;bright students,
The Fe1aticnship between color and wé;eléngth is quite involved, because g
of aA intuitive perceptual feel for color, and one or two periods aré
best spent to drive home what is Weant by continuous and discre§t sgectra,
additive §D1or,processes,,tﬁe color triangle, and various optical il-
1usionsrof importance. Thgée prove inteﬁéstiﬁg tg the students, since it
is something in their everyday l1ife they were ggpera?}y.hpaware of, and
they tend to have 3 new Fégard for the analytical approach to everyday ;
observations.
g Optical instruments and ray optics i; something students shogTd
be aware of. A knowledge -of the working of the camera, ﬁe?escgpes and
projectors, and the optical properties of the eye are particularly

inﬁcrtant to art students.

.K The relationship of Tight and sound to the environmeht should be
\ 7

studied.. It is important to know noise leyels in various situations,

in the office, outside, near a car etc, and this can be conveniently
= E
. H
\
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. measured with a portable sound level mefén L1ght 1eVe1s are similarly,
QT neasured wiﬁh a foot ﬁand1elm ter. It is ?mportant for students in the
=T ﬁrmed1a arts to understand the way in which 111um1nat1un and éxposure are
=connected fnr cameras, the pruduct of  speed and aperture being caﬁstant
Similarly, a knowledge o%\the mean1ng of dB on a sound level meter is -
something any recordding artist will need. Both sound and Tight levels ,
should be coﬁnected Hjth_the fundamentaTSancénts of power and energk,
The experiments discussed so far are more than encugh to fi11
. one semester, and thésgpraceed logically from one point. to the next.
ngever, we may-well ask the question, what other e1per1men¢s wou]d*
1nterest particularly, art students? Students of ceram1cs must be in-

terested in rhec]ogy, since the spECIE] fluid behavior of c]ag)is of

“Smportance. An experiment on elastic constants, and viscccity?ﬁight'be
o

X —
of interest, the effect of temperature etc. . =
. ~7 » ) = . ' .
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" . THE VIBRATIONS OF A LOADED. STRING
j . : . B ) ‘ ’ \ \
The vibrational properties of a unifoym flex1b1e string with fixed
ends ﬁﬁ#ﬁ the cornerstone of a large part of what we call music, because

_the charactEristjc vibration frequencies of sich a string, f n» are integral

‘multiples of the fundamental vibration fréquen Y. fp, of the string

fn; T]fT = ﬂ'g 1, 2, - N ] '
(The short way to say this is that the string's overtones are harmonics. )
It 1s also of Interest to study the vibrational properties of .a "~ .

non-uniform string both for practicaT reasons, and also in order to deepeﬁ
our understanding of* the properties of v1brat1ng systems, String players
are all too aware that they may have to discard & string before it breaks
because it becomes what violin p]ayérs call "false". i.e. if twcgédjacent
old strings, such as the d and a strings are tuned to a perfect fifth

and the two strings are stopped at positions which should be a fifth h1gher,
at e and a regpectgveTy, this new interval of a fifth made by these notes
w111 be out of tune if the strings are false.” This difficulty can be

“~attrjbuted to a lack of uniformity of the string in either its mass dens{ty '

or its elastic properties. The problem is Serious to the player because

. a set of new strings for a*ﬁio11n can cost over twenty dollars. _ The p1ayir

often compromtges.by contort1ng his fingers when: playing double stops, but
it is a losing battle, better given up before being started.. Ther#& is no

solution for this problem.but it is perhaps of some interest to understand | .

why the effect occurs. . o
A musical instrument prDBTEm wh{ch ‘may be able to be solved with the
help of the property of 1nh0mogene1ty in a string concerns the-so-called octave

" stretching” in the tuning of a piano. It has been estab11shed by test that

the amount of octave stretching in a large. grand piano is more pleasing
than that in smaller pianos. It has been shown in a mathematical study
that an ‘appi r1ate small weight added near the end of a piano string can
considerab1y educe the octave stratching effect for thatstring. ATthough
the 1dea has not been put into practice, and may*even be fﬁpraét1cal\for ?
thus far unexpected reasond, it is certainly of interest to understand the

, effect of 1nhomo%§neity B N

‘ £
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o ‘ The exper1ment to be performed concerns the simplest poss1b1e in-
- A ) homogene1ty in a £¢r1ng property: ° A mass M approx1mé§91y concentrated ;ﬁg'
; ~at a point is added at.a point’a distance 1 from the left (f1xed) end and ' ”
- a distance~1. from the right (fixed) end of an otherwise uniform str1ng
of length L(1+1 =L), density p-and tenSIQn T. The effect willt be exaggerated
~ for emphasis and ease 1n measurement in that the mass M will be chosen to .
' N " be about as large as the mass m of the entire strind (mipL). The main.ex-
'perimeﬁta1’ré5u]t will be a comparison of the normal mode frequencies of the
' Toadgd'and unloaded strings. Before performing the measurements it is useful
and possible to get a qu§1itative idea of the results to be expected. Con-
'sider a mode of the unToadedf;String as. drawn ‘

‘We expect that adding éame mass to the string will decrease the frequency 5%
iany vibrational mode because such a frequency is inversely proportional to
the squarerront of the mass undergoing vibration. If we want to 1ower the -
frequency of a particular mode-as much as possible it is plausible that the
‘' mass be added at a point of the 5tr1ng that is vibrating most strongly in that
mode. Any gg;jnédg,of the mode is certainly such a point. If on the'contrary
_ we attach the mass at a’node of a mode we might expect no change in that mode
t frequency: This argument has the consequence that if the mass is added at a
fixed point the frequencies of the various modes will each be affected dif-
ferently; for each of the above reasonings we might even conclude by experi
ment that the frequency changes are whimsical or random.

The theory of the vibrations of strings can predict the normal mode
fgéquencies of our string in terms ofgthe masses M and m, the length of the
string L, the distances 1+1 , and-the Tension T in the string. Because of
the unevenlway in which the various modes are affected, the equation for the

» frequency is implicit, meaning that the frequency appears in such funny ways
. in the equation that we cannot isolate it from all other quantities appearing
B in the equation. Thid #s a common occurence in mathematics and no cause for
' alarm. ft merely means that we will use a computer to determine the numerical
values of the mode freggencies. Just for interest the equation to be solved
for the frequency, f, is shown here.

[in) Loy m i

T f !- cot (éft = nf) - cot (S‘H!'Tv— ’F)i (1)
X sin (20
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Egy1pment angiﬁgterla1s ' 3 o

‘1@ ‘A stretched pidno wire of diameter 0.020" ane meter Tong. E o~
2. p1ece Df stotted ]ead shot used by. f1shgrm2ﬁ' having a ma5$ of between

one and two grams ! o / , ’ . ‘

4. A balance ; i - T 4 @

5. A 1Dudspeaker driver to drive the str]ng TﬁE%ﬁpeaker is fed by an
audig 05§11fﬁﬁar with a sine wave Dutput with an 1ntermed1ate amp]ifier,qr transformer
if needed and is mechan1ca11y :ouﬁTed to the string ﬁear one end A f'f

m@gnetic driver s also a possibility’ o f’ﬁ
Procedure AR } n

1. The mass of the lead shot and the mass of the string are measured.

2. " The string length is measured. - 1 o
3. The frequencies of several modes of the un]oa?ed string are measured
by simply tuning the audio oscillator to a frequency that causes a max1mum

~excitation for each mode. The tension of the string is established from

the fundamental frequency. It is important that the mode frequencies be
measured and not assumed to be harmonics of the fundamental frequency,

because the piano wire is stiff and won't behave exactly Tike a flexible

string.
4. The lead shot is secured to the string at various positions and modal

- frequencies are measured for several modes in each position.. One position

should be reasonably far from dividing the string into two lengths rationally
related by small integers. Other positions used should place ‘the mass M

at 1=1/2L, 1/3L, and 3/4L. It should be explicitly verified that the

frequencies of modes with nodes at 1/2L, 1/3L and 3/4L are unchanged by the

mass M. . ,

5. The results of these frequency measurements should be compared with ) i

_cgmputed values from equation 1.

l

- loudspeaker
conical dixie cup ‘ B
Sma]1 grooved plastic connector . R

T . m guitar -
/Xju,:«lé“" screw
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/ } ( THE VIBRATION OF A STIFF STRING .
/ ! o L i , , N
. The simple theory of vibration of a string assumes that it is in-

finiteiy fjexfb]e; that is, that a free string could be fnt and held to
any angle without exerting any force on it: This of ourse is not true
for any real strtng because all mater1a?5 have some stiffness. Part of ~
the other force that imp€ls/a string to Tove toward its original pos1t10n
after it is pushed or struck is due to its stiffness. uThere?are, the -
vibration of real strings deviates in some way from the vibration of ideal
flexible strings, and one.may expect that as the stiffness of the string
increases, {ts vibrational frequéncies will deviate more and more from

those of an idga), flexible string. - |
In an. egk1¥er experiment¥ you have seen that for a flexible string

-the. frequency Qf‘the string when vibrating in its nth

mode - (with n antinodes
between the enigfaffﬁpe string) is .

where T is the tension in newtons, u is the mass of the szring pé§ unit
length in Kg/m (a rather small number), n is the number of the mddekﬁr har- -~
monic being excited, and 2 is the length of the part of the str1ng that
" is vibrating. .
So that f, = 2f,,f, = 3f,, Fl = 4f,, etc,
This gives rise tD the familiar harmanic;Sequence which can be written -

approximately in musical notation - —_—
D __ —o— - =
- — O - —
 E—— i — S ———————
- ;’ 77743 - i ;
e — S——— y
e - —— ——
15 — S—— —

Suppose we consider, instead of a flexible string under tension,
a round elastic rod with its ends clamped but without tension. The
fundamenta? frequency:F1 is given by
£ = 3.5608 /stiffness factor
] £2 mass per unit 1ength
where g is the length of rod between the clamped ends. The overtones are

~not integral multiples of the fundamental. Rathér, we have the rather odd

set of overtones -
fz = 2./565f1
= 5,4639f1

—t
i

I}

*Experiment No, 11 fa 8.9330f,

1
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© The velocity of a transverse wave ina rod iS‘QQE:ingepenﬂent of the
frequency, §é one must w#ité'f Ay = Vo the subscript n on the velocity \{
indicating that Vv is d1fferent fcr the different allowed fréquenz1es F
The stiffnass factor in the above equation is 91ven by Qnr /4.
Qis a prcpérty of the mater1a1 from which the rod is made, called its
Ycungs M@du]us of E1asti£1ty and'r 1s the rad1us of the rod, ‘

. As might be expected, the vibration of a stiff string, depending
as it does on both the stiffness and the tension, is & complicated ex-
pression -involving the stiffnesg the 1eﬁgth, the mass per unit length and
the ten&ion and all QF these factors must be spec1f1ed\before f1 and the
ratios fz/f1, f3/F1, etc can be 5pec1f1ed However, ﬁ rather.simple ap-
proximation is valid as 1qng "as the ratio of the 5t1ffness to the tension
1$ QQF too large. To-th1s approximation, the fundamenta1 frequency f1 is
. g, - —_—

17 fre (147 %ggiis e )

@here‘F1 is the f?équency at which the stiff string vibrates in its fun-

f

daméntal mode when it has a certain 1ength and tension, and f1 flex is the

fundamental frequency of a perfectly flexible string hav1ng the same mass,

Tength, and tension. We shall call the factor - : ¥ )
b
' 2/st1ff‘nesg_ ]
tension

the Stiffness Correction (abbreviated S.C.).

To this approximation the harmonics are integral multiples of the
fundamental, i.e., f2;2fj, f]§3f1, . Fn:nf1. This approximation is
sufficient to account partly for the fact that fretted instruments, such
as the guitar, mandolin, or banjp may be in tune in so far as the open
strings are concerned, but gé“ﬁrégFessiVETy more out. of tune as they are
played at higher and higher frets on the fingerboard (igei; as the fingers

‘are placed down nearer and nearer the bridge).

First, note that 21 ?EFE?T;T¥_= Tncreases either as & or the tension
decreases, or as_the stiffness increases. Therefore, this factor, which
one may call the stiffness correction, increases’ as the string is made
shorter or less taut, and for a giveﬁ length and tension, it will be larger
for stiffer 5tr1ngs than for less 5t1ff ones. Let us consider how this
factor affects the 1ntonat1@n of a rather stiff string under. low tension.

i
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\7‘ .
The open: A str1ng of .a guitar is normaldy tuned to 10 Hz. If j

the String is made to contact the twelfth fret, it should vibrate at

220 Hz, an octave above the open stw1ngi Suppose this fret were exactly:

at the middle of the-‘str’ingi as it shou?é be for a perfectly flexible
string. If the open string is tuned to 110 Hz, ‘then ‘ r i
6 1= F) frex (1 #5.C) =110 02, A, ~
" where S.C. is the Stiffness Correctfon . ) .

Now suppose the string is pressed against the twelfth fret The

. -1 2Rsion
quantity F1 f1ex’ which, it will be reWembéred, is 2%/mass per Uit 1eng*h

is ‘doubled, becauséil is on]jfga1f as big as it-was. The new f1

f (half) ~ 1 flex (open) (1 + new S.C. ) .
The new stiffness correction is d1fferent from the o1d one because
of the presence of & in the denom1nator. When % is reduced to half, the

S.C. is doubled. If it remaiped the same, the new frequency 1 (o1
would be just twice the old. one and the sound-would tﬁerefore be exactly
one octave above the open string. But since the stiffness correction has
doubled, the new frequency 1s in fact too high by an  ameunt -

, | 2ﬁl £lex V/ t1ffne55/tensﬁgn
i.e. by 2 f1 £Tex (o1d S.C. ). Thﬁs is, to a good approx1mat1on just

( 20 Hz) (01d S.C.), and the ratio of the new frequency to the: true octave

5 jus 220 * Zzgzéﬁ1d—i C. ) =1+ old 5.C., or to recover our mathemat1c;

I

+ (2/&10p n)v/st1ffnesg factor/tens1on

f ha1F/ fDctave
pensated by s1tt1ng the br1dge at an ang]e 50 thdt ‘the fret-to- br1dge
spac1ng is a 11tt1e larger “for the heavy strings than for the 1ight ones.

However, on a twelye string guitar, some adjacent strTngs are tuned
in octaves, and are of different stiffness. If such strings are consonant
. when unfretted, they are out of tune and beat when he13 to the lower frets
because of the stiffness effect. This is a serious problem for the twelve
string guitarist. |

In the experiment outlined here, you will determine the effect of
the stiffness of the string by comparing the fféquéﬂiy-@f a heavy string
:Stoppéd exactly at its center with that of a light string similarly stopped.

L



1,’lGuitar with .010" diameter string tuned to E4 and a .OBb" diameter
4 - ' .
- string tuned to Ez, with a fret pTaced at exactly the center of these strings.*

2. Small magnetron magnet mounted on a frame so it can be positioned near

the string. ,

3. Sawtooth osc111at0r (or adjustable- w1dth rectangu]ar wave osc111ater),
,amp11f1er and sgeaker _ . \

»4i Sine wave osc111ator, amp11f1er transformer, 15 ohm tD 1 th 1 oﬁﬁ
5w rezlstor : - , ' . -

S,f Clamp for fastening strings aga{nst the octave fret.

J PROCEDURE
/
/General:
/ The general procedure is to set the open string into vibration by

passing an alternating current through it at its fundamental frequency.
Since it is in a magnetic field an electromagnetic force is imposed on

| it that varies at the frequency of the applied aTterﬁating\current & this sets

/ the string into oscillation. -The frequency of the fundamental is matched

| exactly with the fundamental of a sawtooth wave generated by a function

/ generator. The sawtooth is left at the same frequency, and the string is

- divided exactly in half by clamping against the "center" fret, and the new

frequency is cémpared with the second harmonic of the sawtooth. Since this
second harmonic is exactly one octave above its fundamental, -it is also

=~ exactly an octave above the frequency of the open string. The difference
between this frequency and the freguency of the clamped string is just the
amount by which the frequency of the divided string is in error. This
difference is determined by counting the number of beats per second when
the half-string and the sawtooth are sounded together. This number of beats
per second is exactly equal to the difference in frequencies, j.e., it is
the error in the frequency of the half-string.
Specific Procedure: . | ' S
1. Read all the foregoing carefully. Don't connect anything to the wall |
socket until your circuit has been checked by the instructor.
2. Tune the ﬁeavygstring on the guitar to E, (abou% Bé;Hz) and the light
string to de(about 330 Hz).
3. Lay the guitar on its back on the lab table and put the neck rest

under the the neck near the end.

i

* The fret should be a little above the level of the normal frets on the
guitar, but not touching the strings. ; o

H . 1 ]
. i
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4. Position the ma%net above the heavy string, as'c?péé'égipassib]e
without touching it. The pole faces should straddle.the'string.
5. -Connect one output lead from the transformer to one: &ﬁd_af the

. L"L by

string (past the nut) and the other output lead to tﬁ?ﬁﬁES’s er. Connect

the other end of of the resister to the other end of th
the string slot and the bridge. | | ’ o
6. Connect the input leads of the tramsformer to the spedker output of

1ng between

° . one of the-amplifiers., o

7. Connect the output from the Sine -wave oscillator to the tuner input

of the amplifier. \

8. Connect the output of the sawtooth oscillator to the tuner 1UPUt of

the other amplifier. s e

9. Cennect the speaker output of the amplifier to the;speaker,

10. Set both oscillators to about 80 Hertz. '

11, Have’ETT.circuits, settings and mountings checked by your instructor,
then plug the instruments into power sockets and turn them on.

12, 'Tune the sine wave oscillator carefully over a 10-15 hertz range, and
watch for oscillations of the string. When these begin, tune very care-
fully to get the maximum amplitude of vibration of the string. Leave the
sine wave oscillator at this setting. If the string buzzes against the
fret, “turn down the amplifier volume control and carefu]1y re-adjust the
tuning, .

13. Tune the sawtooth oscillator to the same frequency. Dials may be a
Tittle in error. As the frequency of the tone from the speaker approaches
that of the guitar string, reqular changes in Toudness will be heard. These
are beats. They will become slower as the - two frequencies get closer to-
gether. Tune to get less than one beat in five seconds.

14. Leave the sawtooth oscillator frequency dial where it is, but turn

down the amplifier volume. Turn off the amplifier driving the string. Move
the magnet to about halfway between the centérrof the string and the bridge.
Clamp the string against the fret.

15. Turn the amplifier back on, adjust the frequency to about 160 Hz, and

tune again for maximum amplitude of vibration of the string.

o

-~
o
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£

16, Turn up the volume control on the other anplifier and count the num-

ber of beats per second. Record this number .

17. Turn bothﬁémp1ifiers of f, FEEPQSithn the magnet over the Tighter string.
18. Repeat parts 12-19, using frequencies of about 336 and 65@ Hz.

19. If time permits, replace the Tigﬁﬁ string by a wound guitar E string;

tune. to E, and repeat 12-19,

,gégti@ﬂs; :
1. You have probably found that when you used the Tight string the fre-

quency of the half-string was not measurably different from twice the fre-
. ..

-quency of the open string. Why?
2. The length of the upper half string can be increased to lower its pitch,
and -f = 1/28 /T/i. The change in frequency Af 1s given by:

é.i;—g% = éf
,F *“g’ or AR;*‘&},F**

Af 1is the frequency change, f is the original frequency AL is the
thcrease in length, 2 is the original length. If f = 220 Hz., & = .63 m,
how much would you have toimove the bridge away from the fret to make the
pitch correct? Use your own value of Af.

3. Does the slant of the bridge account for this AL?

- 4. What other effect might make it reasonable to make the heavy strings
longer than the light ones? (Hint: W®hat happens to the tension when you
press the string against a fret?) !

5. ‘Nhat is the advantage of using a wound string like the regu1ér guitar

E string?




Vibrating ﬁiates,
:

Any Q%scussionﬂjf the acoustical pré%erties of the string
1ﬁstruments must finally arrive at the vibrations - not of the strings.
Euﬁ-af the wood plates which form the top and bottom of these instruments.
This is due to fact that althoygh the musicians bow or pluck the strings,
you hear only the vibrations of these plates. Traditionally, Luthiers

have always "tuned" these parts of the instrument by ear but recent work
4 . ~

using fechniques such as ha1ography,1’2’3?4 ,resonance ana]ysféjssg on violins

has shown that the presence of 'a well defined and prominent "ring" mode is
common to all the good violins (Strads, etc.) tested. This mode, where
the entire surface of the plates (top and bottom) is in/motion (except for.

a narrow band) contributes in_a major way to the full bbdied, clear tone

- of a good string instrument.

- This experiment deals with the vibrations of square or, rectangular
plates (which have fundamental frequencies which it is possible to calculate

theaﬁetica?]y) and those of violin shaped plates, both flat and arched as

in actual violins, which it is not now (or maybe ever) possible to
calculate theoretically. ;
Equipmeht;

1) An 8" 16udspéaker cépab]e of covering the 5D§TQDD Hz region

with powerful output. It is necessary that this be a speaker

af reasonable quality without a S$bstantia7 amount of harmonic ‘

distortion (< 5% at %0 Hz) A p@ﬂér rating of 10-20 watts continuous
~is recommended. ’

2) A-gdad quality 20 watt RMS Amplifier (mono is oK) (at Teast

over frequency region 50-5000 H2Y.

3) A sine wave generator - either continuously variable or with

]
= . 2,‘,!,
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frequency steps no larger than 1 Hz over 50-1000 Hz. It should

be capable of driving the amplifier directly.

4) 2 spPuce or pine plates (I square or 2 rectangular) with

dimensions of the-order of 25cm square or 25cm x 35 cm. The

plates should be 0.3om thick and of uniform thickness. NOTE:

grain in the plates should run parallel to. one side,

‘EﬁL;ﬁi‘*%§5E£§;?6HJ

—t__ . 0.3C
and perpendicular to FiatrsurFace. If the plates are rectangular
the grain should run parallel to the long dimensien for one sample and

perpendicular to the lang dimension for the other.

5) Flat spruce or pine plate cut in shape of violin (see enclosed

pattern) The grain must run parallel to the

center of the plate, and the thickness
should be about .3cm.

6) One violin top or bottom plate (can be gotten either from cheap
violin - make sure the person taking apart viotin is skilled - or

by forming it yourself

7) "Glitter" - The aluminized plastic speckles available in stores,

etc. usually come in salt shaker container.

o0

“em .
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8) Foam rubber blocks (four) about 1/4"-3/8" thick by 1/2"x1"

in cross section (foam should be as porous as possible). J

*9) Protective ear coverings. The sound levels necessary for '
this experiment can get uncomfortably high. (Try to set:
up experiment in a room that s "dead" acoustica11y),i A

pair -of earphone-like coverings waﬁk;we11;iar even the

isolating type regular earphones.

Vibrations of a rectangular (square) plate.

a) Place the plate directly over the Toudspeaker using the foam

5

blocks (which can be attached to ‘oudspeaker support with two sided

tape),.

For best results the plate should be close to the Toudspeaker but

‘

never touching any part of the Toudspeaker.

b) Sprinkle "glitter" evenly ovefisurface of plate.
¢) Adjust signal generator to 30Hz and turn up signal level til]

sound is clearly audible but not loud. (Do not drive speaker into

harmonic distortion). i ’

d) Then sweep frequency higher (s]@ﬁ]yi) until "glitter" starts to
move around.

e) Tune generaﬁ@r until ”g1itter”_séems most active.

f)  Turn up signal level until you can clearly see "glitter" bouncing

off surface and adjust frequency if necessary to get sharpest pattern.

hj‘
k,
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Discussion of I. 7 : A .
“ e . >

The fundamental frequencies Df vibration of a rectangu]ar p1ate

=

free to v1brate in a1] places can be gatten from g re1at1ansh1p derived

o

for -a rectangular bay af the same mateﬁia1, free to.vibrate in all places *
. it . ’ : g - : B
L - . . ’ v { -
(eg. 1) , R
2, T
' 1 AnG Y T o/a S~
(1) Fo=1.028 = (%)
0 D SLZ -
a = thickness .
% = length
Y = Youngs Modulus 7
p = Density of material
J \
\ . J
NOTE: When the wooden plate(s) is/are prepared it is useful to have pieces
of the plate for testing purposes. The.easiest way is to save the edges
from the plate e.q. . | DEH-&:TM HEm.&EHE‘NT ON THS Gae

EFLECTION MEASUREMENT D (Rrowe aun sap)

N TS BAE wiie
' P“: D, tbostrmm

iy

These twé pieces should have éxa:t1y the same width (1/2"-3/4") and
Teng£h (which should be close to length of plate). You will notice
immediately that thee two pieces have quite different stiffnesses, and
this is what causes the two separate Freqﬁencies of vibration observed

in I. It is a simple métter to find the appFDximate ratio of frequencies
for these two fundamental deeslaf vibration by clamping both bars at
one end anthanging a small weight from each in turn and notinggihe

5

L L - .
deflection of the end produced with the small additional weight.
' R .2

s :
<
’ 1
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(Hsgueg THIS E!EF&!%‘:TIM) D
e cAcH AR '

'+ Start with fprpyybar and put on §ﬁ§m311 wéigﬁf that does not deflect thisaaif;j"

bar thréugh more than zﬁ > cm. o : 2 L

o

1Y

. The ratio of th?se deflections_can be related to the ratio of frequencies
‘ o i
using LN .

j‘:@_ . —DIL D 15 DEFLECTION R

l—c)NrEgTu 4] NA(LV GRAINED
BAT2-

DE IS DEFLESTIoN ML
RADIAL S KRAINED, BAR.

-

For a medium 1ike wood which has K variable stiffness and mass depend1ng

grain direction, humidity, grain végularity - it is quite d1ff1cu1t under

A g ==

the best of circumstance; to make accurate, reproducible measurements of
nassgs, dimens1ons and. st1ffnesse ié/Hence the above rhtio w171 not be

ery ¢ 2 (e 25% errgr) )
very accurate (expect 25% Err,r) PN
The mass of the plates ahd the vgldme must also be measured. Typical

+5—-best to use a measured value of o

densities: (p) are.4-5 g/cm3 It

due to h mid1ty, local variations, etc. ~
ﬂgii(§1ues of Y (Ygungs Modu]us) are usually measured for wood by

using the equation for frequency, measuring the fundamental frequencyand
then calculating what Y is. Measurements of this type give values for Y -
for bars bent aga1nst the grain (Y ) and w1th the grain (YR)‘ Values

for a sample of Vermont spruce are

—
i

=13 x 1010 dynes/cm® (stiff bar)

= 7.2 x 107 dynes/cm  (floppy bar)-

<
i

The variation in measurements of Y s usually much less than in Y

The velocity of sound in the matér1ai s proportional to the square root of
Young's modulus, so sound travels four times faster along than across the
grain, -

N
QU
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0TE: Yeung‘eiﬂe&efue. Y, is an empifieeT faeéer thet rejates how much
ia bar contracts- (er lengthens) when a pressure change {s used to compress
or expend the bar e;g, A fairly soft rubber rod w111 have a relatively
low value of Y while a herd steeT bar will have a re1at1ve1y high value F
g_eF Y. Itis difficult to direct1y meesure Y for soft woods since they will
ﬁcempress or squash 1f too much pressure 15 exerted. : ,i*—
. ’b eeleuiete the fundeeente1 frequency of vibration for the‘p1ate,.1t

v &
A 15 prebeb]y most eccurate to ce]cu1ate the case fer the "stiff" direetion

of Vibret1en using the value Y =13 x ]D dynes/cm Then the fundamenta1%

-frequency of yibration in the "fToppy" direction can be gotten using equation
'ﬂe; Approximate values for yibration in the "floppy" direction can be getten

"by using the value of Yé_given:ebevei For a Veréoet spruce plate with s

p=.4 g/em3. thickness of .3cm and 25cm square we get the two fundamental

frequencies at f ® 65Hz and f * 275Hz

I1. Vie]fnfeheped plates
a) Place the flat violin shaped plate so that it rests on the foam
blocks over éhe 1eudepeekeri
b) Set the oscillator at 100 Hz and slowly increase frequency
until you get the lowest frequency glitter pattern that is associated
with vibrations of the whole plate. It is net enough for just a
small area of the piete to oscillate. At resonance{which ever one

it is)you expect over 1/2 of the plate surface to be in motion.

4
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If you reach 400 Hz witﬁout gétting af}harp pattErn'ga back té

100 Hz and turn up-quéépeaker §D1ume - If speékerlstaf§§ “honEiné“
- you are driving 1t 5nfoud1stor£¥qn and must réauce Qﬁiﬁ%e~un§i1

tone is again c1ean; Glitter patterns (Chladni paftErns) observed

for .3cm spruce plate looked Tike

- fx 220 Ha
Yau.shaujd get similar patterns at Frequencﬁés in the same region.
The dfffErent»shape of these violin shaped spruce (or pine) plates
Qi11 givé-pattErns entirely different from square or rectangular
shapesi 4
c) Now set the violin top (or Eottom) plate gg,the speaker and
starting from 100;Hz, sweep the frequency up_to 500Hz. Make a sketch of
every sharp pattern in this frequ gy range and make sure you label
each sketch with the frequency. The two Towest frequency .patterns

should Took similar to

j "_ne” Modg

The pattern at the right corresponds closely to the "tap"
tone that ¢iolin makers listen to when they tap thé,vio1in plates
during the tuning (by ear) process. It is often called the"ring"
mode. - - ' \
d) Pick up the violin top (or bottom) and suspend between;thuﬁb

and forefinger on a nodal Tine very lightly (but do not drop).
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/

"j:Then with 3rd or 4th’ £1nQEr tap the center cf p1ate 11ght1y and

?ffi1sten to the tone You will prébab1y have to put your - ear qu1te

| close to plate to hear the tone. Try matching the frequency of 1:heii
tap tone you hear withithe signalfgéneratar. It should be close to
the frequency you got for fhe;"ring" mede.

e) It.is interesting to fool a;aund wi%ﬁ.tﬁe frequency génerator
and 1cok at gfﬁtter patterns at the h1gher Frequent1es not only for
the violin: plates but a1saf$or the square or rectangu]ar p1ates It
1s‘p9551b1e to ach1eve extraord1nary pattErnS for these vibrating
plates. A nice additional demonstrat{on of vibfatioﬁ pat;erhs is

possible for thin (1/16") brass or steel square or rectangular sheets

(or circular).




; 1) How close did’ ycur measured square or rectangular wnoden piaté
fundamental frequencies come to calculated va1ues? Make a. smai] tab1e

of experimental, and gaicu1atedwfrequenc1es and percent errors for each

a

case. :

2) Was the rat%q of measured fundamental frequencies close to the vaiues

- that ygu:caTCQIated from measured deflections? What was your percentage

error? 1 i { 

3) Using the samé sound levels for both the violin shaped flat and vin]%n

Atap plates, which‘was the most "active" at the two lowest resonances? You

‘can tell this either by touching surface with the f1nger and determ1n1ng

wh1ch vibrated the most or by watching the height to which the glitter is
kicked. : : v L

:4) 'Whaﬁ difference between the violin top (or bottom) plate and the

v1011n -shaped flat plate do you think causes the violin top to pcssess a
"ring" mode while the flat plate does not? (This occurs even if both p1ates

are tﬁe same thickness).

5) Describe the motion of the surface of the rectangular or square plate

when it vibrates at a fundamentaT frequency (1ﬁ either direction relative

.i.ta(the gra1nl.

6) !Desgriﬁe'as.accuratETy as you can the motion the violin top (or bottom)
plate surface undergoes when it vibrates in the "ring" mode.

_ . . \

)
/
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= . ADDITIONAL EXPERIHENTS ON “THE PRDPERTIES
OF VIBRATINE PLATES AND MEMBRANES _

The%apperatus used in the above eiperimente can also be used to
compare the patterns and frequencies of the normal modes of geometrically
identical plates and membranes. Because a membrane is elastically isotropic
(i.e. equalty hard to bend in any direction) and must heve a fixed as com-
pared to a free border, the plate with which it is to be compared should
also be elastically 1sotrepic and have e1ther a c]amped or a supported

L
The clamped plate consiste of a uniform ﬁndenied f1§t piece of metal.
c]amped Between two 1dent1ca11y shaped (e1ther squarexor round) heavy metal
rims, . ~ ‘

A §uppcrted pTate'is held by a rim on ijts circumference but is not
clamped. The region of support should be as small as possible, as shown-

in the f1gure - - . i

im e——1 7 Vplete
LI, few thousandths

The membrane consists of a thin uniform rubber sheet stretched to
a desired tension between a pair of rims identical to those used for
c13mping-the metal plate. The establishment of uniform tension in the
membrane is accomplished by painting a square on the unstretched rubber,
and stretching the rubber by successive epprcximat1ons until the painted
square s again square under tension. UnYess a student has a Tot of time
the mouncing should notrbe part of his experimental procedure. (This
Timitation is unfortunate in that one can learn.a great deal about the
nature of real things and their challenges and frustrations by stretching
a membrane to reasonably uniform tension). \

The procedures for both the membrane and the plate are the same.

‘The object to be vibrated is placed over the hole in the vibration testing

table in such a way thatthe hole through which the-sound is transmitted
from the speaker to the membrane or plate is not directly over a nodal

" 1ine of the mode that is being studied. (The heavy rim should be separated

e
Co
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from the table by thin;fqam gasketrtcipre{entvquricus vibratf@ns). A
nymber of mcdal‘FrequenGiéé‘éﬁéuid;be‘determined and patterns of thé:nada1i
lines for each of the identified modes should be sketched, with linear = ‘
dimensions measured when the shapes are simple, such as is the case e.g.
for a Tinear mode. The student should also record the freduencies of the

modes.

perimental results tb a feﬁ simple results of the theory of vibrating
membranes and plates:
(1) The normal mode fraquencies of a vibrating square

membrane of side a are given by -

-

|
[

f =1, 2, 3, .
m -1, 2, 3, -
-where T is the tension in the membrane, and g.istits mass per unit area.

It would be hard to measure the tension T and so a better scheme consists

in comparing all frequencies to the Tgwest’fgequency FTT:

The student's attentioﬁ shbuid be drawn to the fact that when m and!if
are unequal two modes exist with the same frequency. Gf course it is
impassib1e‘ﬁo create a perfectly symmétric experimental arrangement, and

SO any attémpt t6 drive the membrane will stabilize_.one or another of the
possible modes with its particular nodes. The student sﬁou?d be encouraged’
to try to stabilize at Teast two possible patterns for a given freqﬁéncy
fmn with m # n. This can perhaps be done by placing a finger at'a point

of one nodal line of a desired pattern. As an example, the pair.of fre-
qugﬁcies fgj and FTZ show the following 4 nodal patterns %or a square

membrane -




The square plate, either clamped or supported, is complicated to

study ma;hématica11y but there is some point in expecting mode frequencies

referred to the fundamental frequency to be reasonably close to

The main source of information about plate and membrane vibrations
is the vibrant "Theory of.Sound" by Lord Rayleigh, and in particular,
chapters 9 and 10 in volume 1. The student may consult the few remarks

- made by Backus on {he subject, and also his instructor,

@
e,
¥



L .° VIBRATING PLATES

&

Aégﬁ check of the vibrational frequencies obtained with the acous-
tically Eéuﬁied speéker drive units,one can couple the-vibrations di}2€§1y_
A coll can be mounted on the plate and a magnet clamped on a support brought
near the coll so tﬁé'magnetic field intercepts the drums of the coil. ‘
An improvised system can bermade ffém an enclosed speaker. A plastic
cup and soda straw can be glued (use bathtub cau‘igwhiéh‘iﬁgair curing -
rubber)-to the speaker cone. The straw is thelgh1y'pért that extends from

'“‘;-ﬁhe heavy wall wood box surrounding the coil.

foam filled

”:li es*fgss

\K . r - plastic soda straw :

|- styrofoam cup~5attam

The ﬁ?g%éAEg_bémtésgéaxiémﬁéunted'by'a'ﬁhbbé;gaﬁiisﬁpﬁg;t Qifﬁ-fﬁe plate
in the vertical direction. A 1/4 inch rod, which can be force fit to -
the straw, is waxed with hard sealing wax to the plate

hard wax

e ‘th

. soda straw G A g
driver . ] ¢——— rubper band v

- Jh . .
' =~ $——— frame
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The driver is eenﬁeeted to an amplifier and frequency generator.: ?he

’rm1eraphene 1 Zeenneeted (with amp1ifier if needed) to an esei]Ieseepe.

frequeneiee of the p1ate. These een be compared to the "tap tones" of

thefplete or the acoustically coupled resonant frequencies. Account for

eny differeneee in the epeetre1 response.
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Vibrating Air Colufins

Dbﬁeetive A1r columns can be set into resonance by a number of ways. One of-
the ways 1s to use the 1ip reed.”“A seriés of special air ee1umne are to

be set into resonance and the frequency measured. ' The fundementa1 of the
tones produced is to be eempuiedi The frequencies are to be eempafed to an

ideal air column.

1. Straight Pipes A piece of pipe has been fitted with protective ring at one
end. Practice blowing until 3 or more steady tones can be produced.” Measure
the frequency by comparing the blown tone with a pure tone by the‘beet fre-

qqeneies methed. If a frequency counter is available it can be used to measure
the frequency.of the tones directly. A microphone and amplifier can be con- -

nected -to the counter and the frequency read from the output.
* For the frequencies you measure, find the greeteehxeaizﬂﬁ mu1t1p1e
and the integer multiplier for the tones produced. Compare -t
to that of ideal pipe-resonances. Confirm these veiuee for the actual pipe’
length. Apply an end correction and a reasonable value for the speed of
sound for the temperature of air b1owngthreugh the pipe. How does. the
1ip§reed act acoustically? Compare the sequence of tones to a chromatic
or equally-tempered scale. Is the pipe "in tune?"

2. Conic Pipe: Measure the frequency of tones produced From a eon1ce1 pipe.
In this case significantly more than 3 tones can be produced Find the
greeteet common mu1t1p1e and the integer values of the tones produced.
'Compere these tones to an ideal straight pipe of the same Tength. What is
the effect of the conic cross section or "bore" of the pipe? Compare the
séquence of tones to a chromati€ or equally tempered scale. Is the conical
pipe in tune? - h B

3. Post Horn: Measure the frequencies for tones produced by a post horn.
Compere these tones to those e34cu1eted for a straight pipe of the- same
1ength. These tones ehcu]d be ‘in close agreement to a chromatic scale even
when produced by a beginner. Fit the straight pipe and the conical pipe
with a mouth piece, Now compare the tone produced., Can the streiéht or
conical pipe now be blown in a chromatic scale? The interior shape of the
horn is-complex. . What effect has the flare or beTi had upon the frequency

of the tones? : : P

’l“‘l

ese frequencies.

m«"“qhw : -



6.2

4. Real Horn: aMeasure the fen'gth of some instrument such as a cornet or
ti:unpet by 1ayin’g.§ piece of str"ing 'aicng the up-—vawe path. Hithnutt
depressing the keys measure the frequency of the ‘tone prm:l)med Co’mj
pare the results with part C.

b. A mouth piece can be fitted with a microphone sensitive to pressure
changes. The resonant ‘Frequenc%es can be !fcuknd for the mouth piece alone
by using an osciﬂcsccpe'and Lissajou patterns; Compare these to the
frequencies ubtained for an instrument. :

c. A subsmmiature pressure m1cr0phone can be pTaced on a slender rod
and used to probe the interior of the tubes or instrument down the !t
first bend. .

H

]




THE AIR VIBRATIONS IN A TRUMPET

— . ]

Object: To investigate the working of a trumpet by examifing;the.air oscillations
in.the'mouthpiece, backbore, and bell. (

Methodf A special mauthpiece 15 required constructed as shown in figyre 1

-

Very fine hn]es (1ess;than D~5fmm dtameter) are dri]]ed into the cup, and

;gbnut ha1f way dcwn the backbore. A receptacle for a small micrcphane is

Wb

attached over the hg]es.w1thhepoxy resin.” One hole is c1osed w1th a little

wax, and the m1cfophnne fits t1ght1y over the other, $0 no air can Teak
around it. Even sma11 leaks will alter the frequency, and make the instru-
ment difficult to p]ayg A microphone elementssuch as is used for the more
expensive cassétte recorders, proved very successful for this part of, the
experiment when removed from its usual container. The microphone is con-
nected directly to an oscilloscope, no amplifier being necé%sary because of
the very large pressure excursions. The trﬁmpet is blown, and the oscil-
1af1on5 phctographed from the face of the DSC111GSCOPE using an internally
tr1ggered 11near t1me base of, say, a millisecond per centimeter. Both
cup and backbore should be photographed for middle C, the C ébove this and the
high G above this. It is possible to get at least two traces on each film

- = by disﬁTacing the oscilloscope beam in the-y direction between exﬁosuresg
‘The mﬁcraghone element is then replaced in its normal container (this im-
proves itsxfréquency réspense) and placed in front of the bell of the in-
'stéumenti It is interesting to. note how the osciTIatégns change for the -
same note, as the microphone is moved around outside the bell, showing dif-
ferent observers hear a different timbre for the same instrument and note.
'However, for our purposes, these effects are small cgmpared to the overall wave
shape. Again, the oscillations should be photographed for the same three

pitches.

o
o
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- #ph very small microphone, (Figure 2), is now attached to the

esc,;;eeeepe Such "tie clip" mierephones can be ebtained for a few do1—:a
1;1§r5 -The piﬂ attachment. at the back is removed, but- the microphone en-
.e1esure iteeTf should not be opened, or the metal foil diaphram 1ne1de
w111 be ruptured The microphone is attached to a Tong-th1ni5uppeft,esyeh
as a coat hanger wire, end the oscillations eeserved on the eeciTToseebe’ae
it is inserted into the bell -and then the straight section of the trumpet
It will be seen that phase e5c111at1ons or met1on ef the high frequency.
components occur, and the pattern ehanges very rep1d1y as efgnct1en.uf the
djstance from the end. : .1 |
Results: The results consist of a sequence of p1etue§§?ef the esei]1etiene

These can be treated in either a qua11tat1ve or quent1tat1ve fash1en

ualitative:

The oscillations meesured in the backbore represent the pressure

. FTuetuetiehs‘at the closed end of the (more or less) unifefEQPipe fermingfu!
the trumpet. Sihee the micrephone is etteehed‘Ey an air tight seal to the.
baekbere, it measures pressure variations and not particle speeds., All tﬁe
normal modes of Dsc111et1ons of a closed pipe have pressure antinodes et
the closed end, and heﬂee the picture of oscillations here should be the
best meesure of all the modes excited in the tfumpet, Waveléngths
shorter than the distance from the hole to the throat of ‘the mouthpiece,
wi11;ief ceurse,;net be measured accurately. If we comeere this picture.
with what comes out of the trumpet bell, we see that the fundamental is
much stronger within the tube than outside. This is because the reiat1ve1y
small bell of the trumpet (4 1/2” diam) radiates the Tower: frequenc1ee much 1ess
efficiently than the higher This has the effect of what physicists and “

=

electronics engineers call "differentiating" the sound pulse., In the tube,

-y
L
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The pulse looks like (a) in figure 1. After "differentiating" by the bell it
becomes much sharper, and

(a)

C above middle C (3‘35! 523#3’#45;7;)

Bg;’k are.
(b)
!15#
; U

Sq%eJ outside bell

appears like b. Note, if we régard (a) as a hill, (b) is the slope of this
hill - first up (positive) then down (negative)., This accounts for the
characteristic oscillating wave torm of hoth the trumpet and trombone.

The oscillation must be attenuated by 6db per octave for exact differentu-

ation to take place, and in the vegion of velatively Tow frequencies, this

attenuation is reached, although high frecuencios are radiated well.
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If we now go back and examine the oscillations in the tfgmpét cup,
we see that the vibrations of the 1ip provide manyghigh'fﬁeéﬁéﬁcies. The
trumpet acts as a resonator, accépting and aﬁé]ifying those Frequenciéﬁ to.
which it responds, and ﬁejé&ting others. This is why the timbre of t%é

mouthpiece, sounded alone, js not so pleasant as the sound of the trumpet

itself., ’

o ) ¥

Now examine the oscillations in the small microph@ne‘which is in-
serted in the bell. Photographs taken 1 inch apart are shown. The
changes arise mostly from oscillations whose wavelength is on the same
order as this distance.
well radiated, and hence exists as a standihg wave in the tube, the "higher
harmonics travel straight through and are radiated - therefore they exist
more as traveling waves than as standing waves. Hence, if the oscilloscope
is triggered by the fundamental, as the microphone is slowly withdrawn,
the higher harmonics give the appearance of moving along the fundamental
as shown, and decreasing and increasingAin émpTitude as we pass nodes and

antinodes of this shorter wavelength.

The same note, recorded on

the miniature microphone at

points o' 2 inch apart in the

last sec ion of tubing.

"N‘"h
\
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Some part of these higher harmonics is radiated, which_js why ° we have standing

~waves too. For example, t@e distance between a pressure node and antinode

for the ‘tenth harmonic of middle C will be about 1 1/4", Hence, this is the
;,;g;;

distance between the maximum and the minimum for oscillations of this frequency.

This w111 be super1mposed on.the traveling wave, whose amp11tude will oscil-
late with this per1ad

Quantitative: -

Quantitatively, we must analyze the pictures of the oscillations

in terms of the harmonics. This requires enlarging the picture u51ng an
opaque prajector, and. drawing over the en1arged waveform, measur1ng the
ordinates for a sequence of ‘abscissa véHies, and using a calculator or
computer to measure the harmonics. A second way is to record the tones

on a tape Toop, and use a frequency analyzer, such as the Pasco Model. 9302 to
obtain the harmonics digitally. Values obtained for the amplitude of various
harmonics are shown in F%gure 3. [t should be possible to use such values
‘to tell the difference between a poor and a talented trunpeter, and perhaps
to tell one how to improve. The timbre or quantity of the harmonics pre-
sent is also a function of the loudness of the tone. For example, a player-
bTowing fortissimo raises Targerquantities of the higher harmonics than
blowing piano - soft tones contain primarily the fundamental. This‘is
explained by Benade in the Scientific American (July, 1973 ﬁg 24). If we
look at the quantity of harmonics présent, it is imporlant to -ealize that
the trumpet cannot add anything to the cup oscillation. It takes the
oscillations already present in the cup, and, because of its own rescnant
nature, acts as a filter, Totting only certain frequencies through. Any
region it Tets through is called a formant  hecause it imposes on the

waveform already present, its own resonant pattorn. For exanple, in the
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trumpet, the first few harmonics are more strongly resonant than the
higher frequencies. This is the pic%@re invthe backbore. Outside, the
bell acts as another filter, rquging the-iower harmonics, with the re-
sult that the third, *l;czsur"’c;hf_3 and fifth harmonics aretstﬁongest in a tfumpet.
A,Targer‘beT1.wgqu;aP1Dw lTower frequencies to be emitted.
Results:
Obtain the ratios for the harmonics in the backbore and outside
the bell. Plot the ratio as a function of frequency. Thisﬁshéws that

“the radiating efficiency of the bell changes with frequency.
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FIGURE 1

microphone attached to backbore

fitting for microphone
on cup

backbore



FIGURE 2

" ‘trumpet bell

miniature microphone General Cement
I ## ) . . N
1/2 x 5/16 x 3/4 catalog No. Q4-19]
\
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5
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OSCILLATIONS IN CYLINDRICAL AND CONICAL TUBES
Object: i

To compare the timbre and pitch of notes obtainable by exciting air

vibrations in conical tubes, and cylindrical tubes closed at one end.
1. Oscillations in a cylindrical tube closed at one end.

Many musical instruments (trumpet, trombone, clarinet) are pipes of

nearly uniform bore, but modified by a taper, bell, and mouthpiece. To avoid

Benade "Horns, Strings and Harmony"), half an inch or a little more in
diameter and about four feet long is suitable. A length of 50
inches should give middle C for its third harmonic, which is convenient.
Alumimum pipe is lighter to handle. A collar, as shown in figure 1 surrounds
the end of the pipe to act as mouthpiece or the pipe end is merely dipped in
epoxy resin. The frequency of possible modes excited by blowing this device in
the same manner as a trumpet, should be a series of odd multiples of the funda-
mental, the odd harmonics. e
This contrasts with a pipe open at both ends, -such as an open organ
pipe, flute or the "corrugahorn" described by Crawford in the American Journal
of Physics for April 1974 (vol. 42, p. 278), whigh give all multiples of

harmonics, as does a conical instrument such as the bugle or oboe.

The pipe is blown like a trumﬁet,;aﬂd the frequency obtained by com=
vparisan with an oscillator - speaker combination tuned to the same pitch, At
least three modes should be capable of excitation. The differencesbetween these
values and those calculated are found on the assumption that the fundamental
mode corresponds to a quarter wave length for the length of the pipe. End

effect corrections (obtained by adding 0.3 diameter of the pipe) can be applied.

=
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1100

Hence, frequency 100 -
4 x length of pipe in feet

The timbre of a tubular pipe differs from that of a cone by again con-
tainiﬁé only odd Rarmonics. It is interesting to seedhgw diffepent mauthp1eces -
trombone, trumpét cornet, affect the timbre. The mouthpiece fits into a brass
tube turned to f1t the end of the pipe. A michphﬁEé connected to an os-
cilloscope conveniently shows this, and pthDgFaphéXDf the trace shows that
the4£;55555égﬁodthp1e¢e gives fewer high harmonics than a cornet mouthpiece.

The resonant frequencies of the tube can be examined by attaching a
microphone tightly over one end - there must be no air TEaks!past it - and
exciting the tube by placing a Toudspeaker connected to an oscillator at the
other end. On hitting a resonant frequency, a large output from the micro-

/

phone is seen, if the microphone is connected to an oscilloscope, or heard

if connected to an amplifier and speaker.

microphone 5 : N
Fits tightly loudspeaker

Plot the resonant frequency against the odd whole numbers, as shown below,

and draw a straight line through the points. e
. -
Frequency of modes for a cylindri- -~
| 0po cal pipe 5/8" 1.D. and 50" (27cm)
long. Closed by a m1croph0neﬁfs
F{Z at one end.
;sf
FREQUENCY P
;’Eﬁf
. -
5‘@‘?E fgf!;
e
r'd
.![,l;l'llll,,l,tllall,,,,,
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MODES OF OSCILLATION OF A CONICAL PIPE N/

-Object: &

k]
4.

Common instruments having a conical bé%e”are fhémbaSSGDﬂioboe, énd bugle.

It is possible to examine the natural modes of a conical pipe employing
a cavalry bugle, such as is used for army bugle caing The tube of the
instrument itself is only about 45 inches long, but it forms part of a cone
which would bé about sixty-six inches from the point or apex of the cone
to the bell of the bugle which it forms. Such a cone has a lowest vibrational
mode near 100 Hertz, since the cone must be twice as long as a cylindrical
pipe closed at one end having the same fundamental frequency. The cone and the

cylinder are un1que in hav1ng modes which are S1mp1e multiples of~the fundamental.

made. The Shakespeare Company of Columbia makes Fishfng rods and broadcast
antennas by winding fiberglass on a conical metal mandrel. The inside of the
fiberglass cone is perfectly smooth. Any such cone is suitable, provided the
wide end ;5 more than three times the diameter of the narrow end. The air in
the m1ssing third is so "stiff", its presence or absence does not alter the
harmonic structure appreciably. We employed a cone 100 inches long, tapering
from 1/2 inch in diameter at the narrow end to 1 9/16 inch at the wide end.
If the 1engtg of pipe is L inches, the narrow end has a diameter a, and

the brgéd end b, the "pedal tone", the lowest natural note, is given by

12 x %1SQL (1 - a/b) = Q%QQ_ (1 - a/b)*
is the Tength of the cone from apex to bell, in our case

Hopo b

Here T-73/b
147 inches, giving approximately 45 vibrations per second. It is difficult for
the mouth to reach such Tow frequencies simply by blowing into a half inch tube.

The tube has a collar as shown (figure 1) surrounding the narrow end, to aid




in blowing the tube with no mouthpiece. Alternatively the small allian.
turned to fif the outside backbore of a trumpet or trombone mouthpiece seen
in the figure can be inserted. The higher notes of this system can easily
be reached either with the open tube, or a trumpet mouthpiece. The lower
notes require a trombone or tuba mouthpiece. It is useful to have available
cornet, trumpet, and trombone mouthpieces. The résanant frequency of the
system is not appreciably altered by the mouthpiece, but there is a con-
siderable change in timbre.‘ The ffeququy can be "lipped" lower.
Resuits:
The resonant frequencies of the system are found experimentally by
blowing, and comparing with an oscillator and loudspeaker. Alternatively,
a microphone may be atgéched to an oscilloscope, and the oscilloscope
photographed using a known time base to determine its frequency. The time
base should be calibrated by feeding the microphone with a tuning fork. The
experimentally determined frequencies are compared with the harmonic series.
A11 should be present.
One may reverse this process, and very simply, apply an ear to the
small end.of the cone, much as an ear trumpet, and hear a maximum response
at certain frequencies of the oscillator .and lToudspeaker, placed just ‘
outside the large end of the cone. For our cone, the experimental resanaﬁt fre-
quencies were found to be 49,109,168,230,225,270,359,406. As shown in the figure.
| The experiment may be improved bytéxamining the oscillations by a
microphone sealed tightly over the small end of the pipe, excited by a
lToudspeaker placed over the large end. If the frequency emitted by{%he
speaker -is varied, and the amplitude kept c@nstaﬁti the «cone will resonate
to certain well defined frequencieswhich can be seen by applying the micro-
phone output to an oscilloscor
A1T harmonics can e excited simultaneousiy by blewing the cone Tike a horn,

as an analysis of the o<cillooope Lrace shows .

) | ol
- L)u)
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"Frequency of modes for a conical .pipe 105
from 1 1/2" to 1/2", the small end closed by the microphone,
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tuning - A mirgnwc;und ]?%SS stflng 7- _ y Qéd
first fret twelth fret blob of epoxy

WAVES ON STRINGS - THE GUITAR

Object - To find the dependence of Frequency on

1) The length of the'strin§¥4and“to'find the velocity in that

string . . \ } . v
2) The tension in the string \\
3) The mass—pereunitslength>of ihéﬁstring
' Some other observations on guitar resonances will also be made.

Apparatus - The modified guitar, a meter ruier; a calibrated oscillator
and Toud speaker. The guitar has the base string unwound from the tuning-peg
té the twelfth fret. A blob of epoxy resin should be placed to prevent the

wound wire unwindihg further, before cutting at the twelfth fret. .
nut

" Method - 1) Measure the distance between the top 12 successive frets and

the lower nut,over which the string passesfoqfthe highest E string. Find

the ratio of the distance between successive ??ets and the distance of the

upper of the two frets to the lower nut. This should be a constant, ap-
proximately 1:18 (the so-called rule of 18). More accurately it i$ 1:17.817.

Now find the'Frequency for fingering successive frets by comparing the plucked
string with the oscillator. Divide the frequency by the length of string which is
vibrating: Is this constant for all the frets you tried? What does this show about
the relationship between the length of the ;tring and the frequency? The

Tength of the string is one half wavelength for the fundamental mode. Pluck

the string, t?eﬁ?1ight]y touch it at the halfway point (the 12th fret) and note

the pitch jumps an octave. Why? Find the velocity of waves on the string from

the formula ) 7
Velocity = Frequency x wavelength
¥ .

Note that the twelve frets give all the full and half notes on the tempered
scale for the octave, and that the ratio and not the difference in frequency
is constant. If the scale depended on a constant frequency difference, the

separation between frets on a guitar would always be the same. - . .

- =



2) Hooke's law states that the tension in a wire is proport%ana1 to the
extension of the wire (see fig.1). Henée, the tension in the guitar string is
proportional to the number of turns of the tﬁning peg. Rotate the tuning |
peg in quarter turns, by three or four turns, on one string, and find the

" frequency for each position by using the oscillator. Then plot the square
of the frequency against the number of turns of the peg. Is this a straight
fine? what does this mean?" -

3} The bass string on the guitar is norﬁaTIy wound with wire, to
increase its mass per unit length without increasing its stiffness. On
this guitar, the string has been unwound to the halfway point. Pluck it,
and note the peculiar timbre. This is because the normal modes of a uniform
string are harmonics, i.e. multiples of the fundamental frequency. No such
relation exists for a non-uniform string, so it does not sound so pleasant,
although perhaps it could be used for its bizarre effect.*

Press the string to the fret at the halfway point, and find the
frequency for the top half of the string, and for the bottom half. Since
the two halves have the same length and tension, the difference in frequency
arises from the dif%erence in mass per unit length only. The mass per unit
length for the wound string is 7.51 X 10-2 gm/cm, and for the unwound |
1.5 X 102 gm/cm. 7

: m 4

We wish to relate mass per unit length to frequency, As the mass per
unit length goes down, the frequency goes up-which is why the high gquitar or
violin strings are the lightest, so we might have

frequency fe«1 or f« m
m

Other possibilities are

1

fiy’ﬁ‘ls = mE]/E

7 * A most interesting article on the calculation of the normal modes of
such a string and their experimental verification, is given by T. D. Rossing,
Am. Jour. Phys. 43, 735 (1975). )

Q E;;; *
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Both these are given by f «.m" where we wish to find n

n = " & T
Inmy - ]n!mg

where Fj, F2 and mym, are the frequencies and mass per unit Tength of the

two strings. You should, by now, have already found that for a fixed iength of
string the frequency, énd hence, the velocity, is proportional to the square root
of the tension. Use the results of the mass pef unit length to confirm the

formula for the velocity v of waves on strings

.’/ ___Tension
V = v mass per unit length

The guitar has several resonances associated with the instrument. Blow
gently across the air hole, and try to find the frequency of the air in
the body of the instrument. Then tap the top DFVthe guitar. Do these$
two rasonénces 1ie within the range of the instrument?

(This s E,, 82.4 Hertz to about Eg, 659.2 Hertz).

Notes near these resonances tend to be unduly amplified.
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THE VELOCITY -OF SOUND

Several methods exist to measure the velocity of sound using trave]ing
waves. Three simpTe methods of measuring the velocity by using ihe *
wavelength are given here. All require an oscillator connected to a lToud
speaker. A 600 ohm to 8 ohm transfu;mer is normally required between oscillator
and speaker. The oscillator is calibrated by beating against a suitable
tuning. fork, say 8¢, 1046 Hz. (concert pitéh).

A) Requireé only a stereo amplifier, two microphones and a pair of head

phones.
B) Requires one microphone and a single trace oscilloscope.
C) Requires two migrophgneé and a double trace oscilloscope.

A) Procedure.

Connect the two microphones to the stereé} amplifier, plug in headphones
and turn off the amplifier speakers Qutpﬁti Turn on the oscillator, and
set 1t at a suitable value, say 5kHz. Put the amplifier to mono, place
the microphgnes together about two fee£ from the speaker, hooked to the
oscillator. Then move one forward to the positiof quietest in the head
phonesvand back to a similar position behind the other microphone. The
distance moved by the microphone is the wavelength. The velocity of

sound can be found by multiplying the wavelength by the frequency.

10.1
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1002 oy

: directly, if 1t 1s & high 1mpedence mike, or through an amp11f1er

or transformer if of low 1mpedence Connegt_thej;peaken output from
the oscillator to the "externaT trigger" of the oscilloscope as well
as to the speaker. Set the oscillator to a suitable value, say 1 kHz, -

and the csc1lloscape time base to, say, 1 m1111seccnd per cent1meter

. Note the distance the m1ke must move, so that an oscillation on the

oscilloscope screen drops back by exactly one perigd. This corresponds

to one wavelength in air.

&osa LLADR
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EdirectIy‘br via a stereo amplifier, Interna1 trigger and a time base
GF say. 1 m sec/cm and rquired Set the oscillater amplifier at,
say, ] kz, the two traces on the oscilloscope move as one mike is
meved relative to the other. A mot1an of one wave]ength QF one m1cro=
phone causes the carrespcﬂd1ng trace on the oscilloscope to drop back

by one period. Hence the wavelength may be determined, and, since

Velocity = frequency ‘X wavelength

to velocity of sound in air may be found.

Micto phowes

0Sc it o5t0p g
§ £

NOTE: 1t is possible to use a single pulse for this experiment, by switching

a 6 volt battery across the speaker in place of the oscillator. No
wavelength is then required, but an accurately calibrated osciltloscope

time base, -
(VW)
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_Room Acoustics - Reverberation

Objective: Investigate the acoustical prcperties of selected rooms. Intlude the

propertieghéf,rooms sultable for speech, voice and orchesteral works. The
acoustics of a church would be a~suitable subject for investigation. The

~-acustics of a room depend on the properties of the shape of surfaces and the

absorption of the surface. Determine reflections and rEVerberatiQakzﬁﬁgs

for the rooms . , ) .

In this parf of the experiment use a model to see how sound spreads and is
reflected through a room. Use a ripple tank and place a metal stFip bent
to the roof Tine and another (in a separate experiment) bent in-the plan
view of the room.- A wave is started from the position éf the-performance
and observed as the wave spreads to the audience. This scale model method
can help in determining the presence of echos. The waves can be initiated
simgjy‘with a finger or with more precision with the vibrator supplied.
Examine the effects of reflection and diffraction.

' If the room design has a strong echo see if reflectors can be added
to reduce the effect of the echo. ]
Reverberation: When the echos from the various surfaces in .a room occur
so closely spaced in time that the individual echos cannot be detected
the room is reverberant. The time for the sound level to decay or drop to in
audibjlity is the reverberation time. _For the sake of reproducibility and
to define inaudibility more exactly khe reverberation time is the time ‘re-

t}xﬁa one millionth of its initial value.

quired for the sound intensity to fal
To measure the:feverberatian time of a room, the simplest method is

to fire a shot from a startery pistol or burst a balloon at the location of -
the performance. The time for the sound to decay to inaudibility can be
timed with a  stopwatch. ‘

| A more exact method is to record the sound on a tape at 7 1/2 inches
per second. This can be analyzed in the laboratory by listening to the tape
or by electronic means. The student will conduct a series of measurements
by several methods and compare the results. The first method is the least
accurate. In the next parts of the experiment the tape speed is reduced
to improve the accuracy of the measurement. The subjective reduction in
pitch does not influence the measurement:. The sound burst contains a great

b1
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number of Freqdencies Any frequency dependent effects in the thireshold
';ef hea:jng curve do not influence the result ‘since the final inaudibility.

criterien: is st111»vaifd Because of 1nterference from room noise it is

important- to have a "quiet room" for this experiment

a. First the tapes can be run at 7 1/2 inches per second and the time for
decay measured in five trials. Give the’ average value of the reverberation

time obtained for the rooms in which the tapes were prepared.

b. Run the tape at 1 7/8 .inches per second and repeat the estimation of
the time with a stopwatch for 5 trials. Repe%t the evefage values.

¢. Use an oscilloscope to egtimate the time for the sound to deeey The
seund intensity in a reaﬂ‘ﬁﬁth reverberation decays exponent1e11y, so if a
plot 15 made of the logarithm of the amplitude versus the time is made- for-
..the sound intensity decrease a straight 1ine should be obtained. The time
for the ampIitudehef the signal on the oscilloscope to decrease by 1/1000
gives the reverberation time. The reverberation time 1s the time for the
intensity to decay by a factor of 1000000, i.e. the intensity changes by
-60 dB. It is.also the time for the amplitude:to decay by a Faéter of 1000
because. the fntensity is proportional. tq the square of the amplitude. The ‘

" oscilloscope is used in a way that measures the amplitude of the electrical
signal from the microphone. The m1cruphone used was sensitive to pressure
variations. The square of the pressure variations. The square of the pres-
sure variations-is proportional to the intensity of the sound. Also, the vol-
tage produced by the microphone is proportional to the intensity of the sound.

Attach the tape recorder to the oscilloscope through the amplifier.
The time base should be set at 1 or 2 seconds per cm. Observe the oscil-
loscope as .the balloon is burst. Run the tape recorder at 1 7/8 inches per

second. A trace of the following sort should be seen.
al .

H """

i
l \\“\\\m””"HHI‘HMHHNH.\ e
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1.3

Measure the height. nf the puise h, as a function of . pnfition on the

¥ trace (time), plot this un logarithmic paper (3 cycle) and hence F1nd the

&fime 1t takes to decay thraugh three decades. - To fac111tate these measure—

LA

) meﬁts the gain of the osc11105cape must be changed as the sound is decay1ng
thus. | ’ k
e :
. E N
\ f ,57V?Em\ it \ g_vyém R
i : \

This way thé puisés will not be off the taﬁ of the screen for very long
at the beginning, or too small to measure at the end. Do not be concerned
if the initiaf‘burst of sound is not on the screen of the oscilloscope.

) When you have mastéred this; photograph the picture using the polaroid camera,
setting the exposure on "time" or "bulb" at f4, and measure the phategrapﬁ
with a transparent ruler. Then plot the resﬁ]ts on the logarithmic graph
paper. The graph should require 3 cycles vertically and 10 divisions for
10 seconds horizontally. The voltage change you measure may not cover all
.iree decays of the grap!i paper. The points should give a nearly strai ight
line. By eye and with the aid of a transparent ruler draw the best curve

through the data points. The extension of this line to the time axis gives

the reverberation time. The decay wave should be very nearly exponential.

Any deviation can be the result of echos or flutter echos.

6
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In place of the oscilloscope and caméra, it is possible to use
a strip chart recorder. The output, from thelamé1ifier.i5~fed to the re-
curdeg via-a diode (we used Matnra1a Heps170 but almost any diode will do).
Provided the tape recarder is run at its slowest speed and the chart run at a
reasunabTy fast speed, a few inches per second, the decay of the sound |
will be p1ctted aﬁd can be measured.

It is possible to calculate the reverberation time fromrparémeters
which are known or can be estimated. The dimensions of the rooms measured
have been given on the data:sheet. Compute the reverberation time for

each room,

Data Sheet - Sample

Area Absorption Sa

Floor

Back Wall .

Ceiling '

Front Wall

Side Walls ) ’ -~
Occupants ’ : x\\

Furnishing !

Sum of Absorption Factor (Sa) =

Volume of Room =

Reverberation Time = 0.009 V?]EEE
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Compare 311 the reverberation times. Which method is more accurate?
Why? Account for any difference between the calculated reverberation time
and the measiured time. Ce ’
3. Sound Inténsity in a Reverberant Room: One further quantity is of acoustic
interest. If an instrument or sound is made of the same intemsity in
several rooms’ the subjéctive and measured loudness will be higher in the
reverberant ronm Make a recording of a pure tone feeding the same power
to a loud speaker placed successively in several rooms. Measure the relative [
amplitudes on the oscilloscope. Also measure the intensity using a sound
level meter on the C scale or flat response mode, The reTative response
levels can be compared to the smallest level, These response levels do not %
depend on the volume of the hall, but inversely on the area of absorptive §

-

material in the expression-

Intensity level in hall = power Dutgut of instrument
a

where Sa is the absorptive area.
Check this result, by seeing if the ratio of intensities measured by the
sound level meter, or using the oscilloscope (ratio of amélitudez) is pro-
portional to the inverse of Sa for the rooms. These measurements should
all be made with a microphone sensitive to sound pressure changes. (

A simpler method of demonstrating the drop in intensity level, is
to observe the decrease in microphone Qutpﬁt for a constant sound source
when two or three, four feet by eight feet sheets of fiberglass acgustic

material are introduced into a small room.
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A Simple Anechoic Chamber -

The construction of the chamber -from five 3/4" plywood 4'x8'
sheets is relatively simple. Since two walls butt onto the other
two walls as shown :

%

s

1

M-

4'l

-

the floor must be 4' x 4' 1 1/2". This leaves the roof, of the
remaining half sheet of plywood, 3" short, and a piece 4'x3" must

/ be screwed on separately. The door should be cut from the center of
the front wall as shown. When screwed together, the

T

K 2FED

box is extremely rigid. The walls and floor were coated with contact
cement, and fissured, painted, (Owens Corning) Fiberglass ceiling board,

-in 1 ft. square sheets, attached. These have a noise reduction coefficient
of 0.8 - 0.9. A false floor of expanded steel was welded to a 3'10"

- square frame with 1 ft. high legs. Under this, more acoustic tile,

€1u§d in V shaped forms, was attached to the floor, and still more covered
he ceiling. The V shaped construction absorbs low frequencies better,

- gives a larger absorptive area, and breaks up suund reflections.. More
squares were attached about two inches off the walls, where space permitted.
The whole idea was to incorporate as large a surface area of absorptive

material as space would permit. -




The principal interior equipment consisted of two 9" polyplanar
speakers mounted approximately a little forward of, and level with
the ears for a subject sitting on a chair inside the chamber. Cables
from the speakers Ted to an amplifier external to the chamber, but a
stereo T pad inside allowed the ¥plume to be varied. In addition, a
very valuable addition was a switch allowing the phase of one speaker
to be reversed with respect to the othen@ A stereo headphone outlet
was also attached, which can be used eitHer for other speakers or a
stereo headphone set. A cheap two-way intercom allowed communication
with subjects in the chamber. A 60 watt incandeseent lamp hung from
the roof provided sufficient illumination. A microphone socket was
also attached to the chamber wall, in order that instruments played
inside could be recorded.

To insulate the chamber from noises outside, all cracks wera
filled with putty, glue or silicone cement. It is essential that this
be done thoroughly. The complete outside of the chamber was covered
with half inch thick felting, availabic from surplus, but 2 ft. by
4 ft. sheets of fiberglass would scive as vel1. The felting over-
lapped at the door, which was tichtly sealzd when shut. The box sat
on rubber feet, about four Taches thick,

Tne cost of the chamber was approximately . $150.00
. The principal cost was 5 sneets of 3/4" plywood .

6' x. 3" at $15.76 each £8.80

220 sq. rt. of fiberglass ile 4l 5.18% =ach 40,70
_ giving a t 4l of 5109.50

Reduction in dntonsity ol el coon cunside Gransmittzd into the box

600 Hz A5 .5 wh
200 Hz g s db

[ 23

Ratio.of sound intensity fvon e car to the other ear with one Toudspeaker on

Wl bodi
1 1 Fooddn
H00 Ly !
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TRANSMISSIDN AND REFLECTION OF SOUND

Measure the transmission of sound by various materials.

Materials: Two cardboard tubes, Toud speaker, signal generator, micro-

phone, oscilloscope.

Method: Study of the reflection and transmission of sound by various

materials. Two hollow cardboard tubes are used. One tube has a
speaker connected ﬁé;an oscillator and the other contains a micro-

phone connected to an amplifier and then to an oscilloscope. Each

tube is wrapped with sound insulating material. The oscilloscope is
used to determine the amplitude of the received sound waves when various
materia:s are placed for reflection hefore the open ends of the tubesor

when the material is placed in a gap between aligned tubes to observe the

transmission. The quantitative results for Peflect1on and fransn1g510n cof‘

efficients obtained are somewhat inaccurate, but qualitatively they are A

valid. Diffraction and backuround noise are the main problems encountered.

Objective: Reflection of a sound wave,

<

Method: The sound wave from thn generator tube is directed at a fixed

ERIC

Aruitoxt provided by Eic:

]

angle toward a hard “lat surface. Th eiver tube is adjusted

T
rm
L

‘m

with respect to anyle and the inten: ,1tv of the reflected sound
measured as a function of Lhe veflection angle,

What is the angle o the main reflected wave? Compare your
observations with the resulfs vepoirted in the short concept movie on
Bragg reflection frow o voqular sbrucluce.

Observe the vofl clion of sound From o regular foothricdge

ratling using the observalfons vou have oge o it lection.
= o4
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EXPERIMENTS ON INTERFERENCE : e
BETHEEN TWO COHERENT SOURCES

Interference occurs when two or more wave trains meet if 7

1) they are of the same frequency - otherwise they will not giyé;
a simple singly periodic disturbance when added together. v

2) they are cuherent - this means, not only must they have the
same frequency, but there must be a constant phase re1ati§nship between

them. For example, A and B are coherent, but C and D are not.

A K TN - ‘
; — S TQD!SF;/M;EF?EN’T

o Turp N PHasE HERLE

&

‘j, ,\ A

A. Method - To dem»i..ti ite the principle involved, set up the ripple tank,
and examine the pati:rn sroduced with a single small round dippér.§1Cy1indriE

cal waves are produccd c.ad spresd out from the source. They mav be e&xamined
thfgggh the hand hell su.oboscope, which, if rotated at the co:vcect speed,
p?bvides an apertur: . {.nk through when successive waves are in the same
réiativé position, orid iny tne wave pattern to rest. If we replac2 the
5iﬂg1e"dipper by a duir: o oune, we get two cylindrical patteriis superposed.

Two such sets of concontric rings give a Moiré pattern, as shown in the figure,
which_éan be clearly szc:n in the ripple tank. Note, since the dippers are
attached to the sam2 bur, tocy not only have the same frequency, but are also

coherent, i. e. always I . the same phase relationship.

SOurces
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Each point on the Tine of the pattern labeled A in the figure is equally
distant from the two centers -- so along this line crests and troughs coming
from both sources reinforce, and produce crests and troughs twice as big as
from one source. If we move away from this Tline to 1ine B.. here the crest
from one source arr1ves at the same time as the trough from the Dthér,
cancelling, so the ‘surface of the ripple tank is undisturbed or fdat along
Tine B. The distance from a point on Tine C to one source, however, is just
one wavelength more than to the other. This means troughs and crests again
arrive in phase from the two sources, and we get big maxima and minima.

For D, we have calm again, and so on. If we examine the surface along line
X X', we see it is a standing wave such as we had on a stretched string. *

— WAVE FROM X

STANDING WAVE 4

The surface is a1ternate]yutgim or rougiA:F a node or an antinode. However,

41T we Took along the direction A A at .right angles to this, we see we have

a traveling wave, as the crests and trguqhs move away from the sources. So

this pattern of interference on a plane is like the two cases of traveling

s and standing waves on a string. If the waves travel dn opposite directions,
interference gives us standing waves, as at X X', but if they trave]ién the
samé direction and are in phase, we get a larqe traveling wave, A A'. If F
however, they are out of phase, we get noth1nq, as B B'.

Photograph the pattern. Measure the distance directly between the

dippers, count the number of waves between the two dippers and calculate
the wavelength 1don'} forget these are standing waves). Measure the Fréqueﬁcy
of the ripplinc device using a stop watch.  Calculate ripple speed from the
equation speed = frequency x wavelength. .

B) If, instead i ripples, we use sound waves, we can still see the inter-
) b

ference pattern. Mount Lwo sl cransducers {Covstals ov mylar foil thal an act
both as microphone:, & Toudspea oY wich o separation distance D of 10 Lo 70 om on
a wooden beani.  Attach thom  a Pivse. Lo the oseilfator, seb al a frequency

¥
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of 4é 000 cps where the transducers are resonant. Place a third small
transducer a distance L,equal to 30 cm, away, and move it 51Qw1y crosswise, ‘as
shown .in Fig. 4—ngt1ng the maxima & minima, with the m1crophdne connected to
the oscilloscope. Map the maxima and minima on a sheet of paper, agd a
pattern appears closely resemb]1n§ that of the r-pp es with two sources.
Nowgwe would like to find the wavelength of the sourd from the interference
pattern. Pick a suitably large d#stance from the s rce, and measure the
distance from the center maximum E to the next maxin .1 out, F as shown.

The distance from A and B to E is the same. < " 'S are in phase.

Now, for waves'from both sour =5 « . | priase at F « , the distance

AF must be larger than the distance BF by just one waveiength, i.e. the
distance AG is equal to A. The angle FH E = @ is the same as the angle
ABG, because BG is perpendicular to HF. This means %ﬁi; ¥ - 9 or

o] =
1]
e

Fs)
[ ]

Hence find A from A =

Use several estimates for £, and use different values for L Hence cal-
culate A, and its error, and then calculate the velocity Df sound from the
known oscillation frequency from speed = = frequency X wavelength, as for
the ripples.

3) Lastly, we would Tike to perform exactly the same experiment
with iighti For this purpose alHeNe laseris used. Two slits with a known
separation found by a microscope are held in front of the laser beam with
a rubber band and a white screen placed 5 meters away. The two 311t§ act
as coherent sources -- there is always an exact phase re]at1an§h1p hetween
the two slit sources, because the light from both originates from one
source -- the laser. For light waves, two coherent sources can only be
obtained by splitting the Tight from one source. 1In sound, the two trans-
ducers were also coupled to the same source, but it would have been possible
to use two separate oscillators -- not so in T1ght, because it is difficult
in practice to keep the phase exactly constant. On the scraan the maximum
and mi tmum of the interference pattern appear as a series of light and
dark bands, and, using the same nomenciature as for sound, so that ¢ s
the distance between bright |lnes on the SCreen, we mdy use the same formula

to determine the wave lengih,
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Hence calculate the wavelength of the laser light, and give the error.
Conclusion
The phenomenon of interference between waves emanating from two
coherent sources is a universal phenomena of wave motion. We have seen
how it ocgqu in ripples, sound, and 1igh§ waves, and can be used to
measure the wavelength,
Equipment - Ripple tank - McCallister
, Welch
- etc.
Transducers - Available from most electronics stores - used to
change channel on television receivers -
/
References:”
Backus "Acoustical Foundations of Music" p. 68.
Wood "Physical Optics" p. 160. )
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VIBRATING STRINGS

Whenever a guitar or violin string is stretched tighter or made
shorter, the pitch at which it sounds when bowed or plucked is heightened,
i.e., the vibration frequency increases. It is the purpose of this ex-
periment to demonstrate the various physical parameters on which tuning
depends. Hy
Theory: Stationary waves are set up in a stretched string when two equal
trains of waves traveling in opposite directians are 1mﬁressed upon ijt.
Certain points called nodes such as a or b in the figure, are never dis-
placed from their rest positions. A1l other points on the string are in
constant vibration, the ﬁaximum vibration occurring at the loops midway
betWEEn the nodes such as points c or e on the string. The portion of the

c X welght
[f stationary waves are set up in a string of length L, the distance between
a and d, a node is formed at each end, a and d, and also at other points
such é% b. Do not include the Tength of string d to g in L since it is not
vibﬁat?ng, The term wavelength is defined as the distance along a wave
betweeﬁ 2 adjacent points that are vibrating in phase, i.ei,gtrave]ing in
the same direction and with the same speed. Two such points would be e
and f so that the distance between them would be one wavelength,\. Likewise,
the distance between b and d is also A. The distance between e and ¢ is
1/2 X since e and ¢ are vibrating 180° out of éhasei The corresponding
Tength of 1/2 X would be the length of a segment, a to b, In the length L,
there are an integer number of segments, or an integer number of half wave-
lengths. Call this integer, k. So, k may be 1, 2, 3, etc. In the figure,
k=3 since 3 segments are represented. The tone sounded by the string in
this mode is called the third harmonic; i.e., an integer multiple of the

fundamental, F1! Thus F}:3F1j F4:4F]i

L = k(1/2%)

21.1



The familiar harmonic series is thus generated.

R,#giiﬁiﬁ%?

Intensity

A,=f,=110Hz

Ag=fq=8f =680H2 ;;Jsu —————— =
In the string itself, the number of nodes produced is k- T Thus AS

would contain 7 nodes.
The speed of the wave, V is given by the product of the frequency and the
wavglength, fA. Elimination of the wavelength yields
= (2fL)/k

The speed of the wave depends uniquely on tha tension in the string,
F, and the Tinear density, u. One way to determine .y would be to measure
the mass of ‘the string between points a and d and divide this by L. Thus,
convéhient units for u might be gm/cm. The tension F, is gfiven by the weight
which hangs on the end of thg{stringg F will be the sum of\the weights
of both the slotted weights and the weight holder. Be CEFta‘F to use the

correct units in your equation, e.g., dynes instead of gm . J
J } i

V = VF/u
Eliminate V and solve for
U= Fk/(2FL))2

Apparatus: In order to sustain stationary wave patterns along the length

of the string, 3 systems of energy coupling will be described.

System A consists of an alternating current-carrying wire positioned
in an externally applied magnetic field. If an audio oscillator signal
drives a power amplifier, the output may supp1y‘severa1 amperes to the
terminals of a monochord. The monochord consists of a board on which two
bridges are mounted to support a steel wire. A spring scale, can be placed

between the wire terminus and the bridge.

o Match
;ggiz;JJ *ngigggiueﬁ
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to measure the wire tension, To improve coupling, the field position
should be adjusted away from nodes. Care should be taken not to overheat
the wire.

System B is the standard electrically driven tuning fork device as
produced by Cenco. Because of the mechanical operation, overtones of the
source are suppressed and a purity of wave character obtained.

The string can be passed over a pulley and attached to a weight
holder for tension measurements accurate to 5 gn. The experimenter in-
creases or decreases the tension by pushing or pulling on the weight pan
and noting 1f an increase or decrease in attached weight is required to

obtain a given number of segments,

driven by an audio oscillator. The coupling device between the speake’

and string is the inverted cone part of a Dixie-cup cut to fit inside tne

speaker and voice coil with silicoreplastic (bathtub calking compound) \

A speaker should be chosen such that the height of the Dixie cup shoui .

exceed the depth of the speaker in order to have string contact. Contact

is maintained with the string via a thin cut in the point of the cup-cone

If an identical "transducer" system, is placed at the other end of the

string, this second speaker may be used as a resonance detector. The

output 1s viewed on an oscilloscope.
/ @;Sffa, ,i“ -

Directions: ,
Part 1: Mechanical tuning: Fixed frequency, varjable tens i on bee—med
Although all 3 systems may be used in this part, system B is preferred o,
for accurate tension meaguﬁements_ [t seems superior to the spring scale

and tuning key. Vary tke tension and record its value for maximum dis-
placement amplitude of from | to 5 segments. Measure the length, L of the

vibrating partién of the string;®.g., from the tuning fork to the pulley.
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Note and record the driving frequency, f. Calculate u for each K.

Determine the average and compare it with the value of p directly obtained,
i.e., measure the weight of the string and find its ratio to the entire
length. To see the functional relationship of the tension with the number
of segments, plot a graph of 1/vF as ordinate versus K as abscissa.

Part 2: Electrical tuning: Fixed tension, variable frequency.

System B 1s not to be considered for this part since the tuning fork tension
is constant. The tuning is accomplished electrically by varying the audio
oscillator frequency. Determine the fundamental frequency (first harmonic)
at which a single segment occurs (K=1). Increase the frequency by about

an octave to locate the resonance of a single node (K=2). This may not be
exactly twice the frequency due to stiffness effects in the string. This ~
error is reduced at high tension. Continue for as many modes as are ob-
servable. Plot a graph of frequency as a function of number of segments.

If the tension is available, compute the linear density, p and also the
wavespeed, V. Compare this to the product of wavelength times frequency,

Af by obtaining the product of the string length L with the second harmonic
frequency, fzi

Part 3: Fixed tension, variable length.

This establishes the re]aticﬁ%hip between higher pitch and shorter string
Tength, Start with a low frequency in systems A or C and tune the frequency
to the fundamental mode in a long string. Reduce the string length and
retune to the fundamental. Make 5 determinationg and plot a graph of the e
reciprocal! of the fundamental versus string length, j.e. 1/f versus L.

Part 4: Variation of Linear Density .

Repeat the above experiments using different media. For a fixed tension

and length, obtain u for steel wires of varying diameters, nylon, cord,

and thread strings. Determine the funddamental frequency of each.. Which
type of material should be used for high notes, which for low?

Part 5: Determination of resonance response.

In system C, measure the amplitude of the fundamental AO3 i.e., the maximum
displacement of the wire of a monochord. Note the fundamental' frequency fo
Decrease the frequency below resonance to f1 where the amplitude AT (s ap-

proximately p.707A . Record f,. Now tune teo f, above resonante where A=Ay =0.707A .
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The system Q is defined by f/(fz—%j). Determine ng If an oscilloscope is
available or AC voltmeter as a second choice, read the output voltage at
resonance, Vgi Determine f1 at V1;Di707va and Fz at Vgévj, Find QEQ from
the electrical determination and compare ‘1t to Qm.
Part 6: Stroboscopic Effects.
Tune to a string resonance with an audio oscillator. In a darkroom, adjust
the strobe frequency to match the oscillator frequency. Strobe light on
a white string against a black background is impressive. If a Type 1531-A
Strobotac is used, the oscillator can trigger the strobe automatically
and produce precisely stationary effects such as a string "hanging" upward
in a bowed curve. Be sure to multiply the strobotac reading by 60 since
the scale is RPM rather than Hz. One advantage of the automatic triggering
is the strobe frequency of the fundamental is immediately found.' With
manual strobe tuning, 1t is possible to "come across" a sub-multiple, such
as 1/2 the fundamental frequency in which the half sine wave pattern would
be correct although the string is illuminated only on alternate vibrations.
However, after the correct frequency is established regardless of harmonic,
a flashing frequency just off the string frequency gives the more desirable
effect of a slowly varying string. Tune the strobe frequency to twice
that of the string. With two flashes per vibration, two strings appear.
Adjust the strobe frequency, "phase" until the strings appear at their
amplitude. Triple the frequency and view three strings. Try half this
frequency, i.e. 1 1/2 the stﬁiﬂg frequency. Describe and explain what
is seen, |

If a violin is available, bow it. Then view under strobe light
the resulting complex waveform. Sketch it. Read the article in the
January 1974, issue of Scientific American (p. 87) on "The Physics of the
Bowed String" by John C. Schelleng. The waveform is formed by the inter-
section of two straight lines. Note the circulation of this intersection

with the strobe.
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A_STUDENT PERCEPTION OF VIBRATO

When a vibrato is sounded, the ear of the listener hears the top
pitch of this vafgjng note. When a violinist plays his note, his fingers
vibrate to lengthen the strings and thus provide lower frequencies under
the note. Do musicians agree with this? Some folks do.

When a vibrato 1s sounded, the ear of the Tistener responds to the
average pitch played between the top and bottom tones sounded. Do music
students feel this is correct? Some fo1€§ do.

When a vibrato is sounded, the ear of the listener 5éspands to any
range. Thus a note may be picked in the interval to complete a musical
phrase or melody or to coincide with a note from another musical instrument.

" note needed or subjectively selected by that Tistener from the vibrato

Do you consider this correct? Some folks do.

A pertinent comment on this topic is made in an article by W. Dixon
Ward entitled "Musical Perception", p. 423 contained in "Foundatijons of
Modern Auditory Theory! Vol. 1, Jerry V. Tobias, ed. Academic Press, 1970.
The article states: "That is, although the judged pitch of a tone with
vibrato heard in isolation may turn out to be the same as that of a steady
tone at the mean frequency level, it is possible that an interval will be
acceptible if the varying tone merely includes the frequency that the
listener considers to be the correct one for a particular interval. This
notion was expressed by Kock in 1936: 'Thus a note oiiginally off pitch
may be made acceptable by imparting a frequency vibrazto to it, provided
the intended pitch is included in the vibrato interval and provided the
vibrato interval is not too wide to be objectionable,'"

It is the purpose of this experiment to investigate how the ear
responds to the vibrato and report sample results for a guideline. The

sponsored by the Nationai Science Foundation at the University of S.C., the

~summer of 1974, .In short, the subject matched the pitch of an audio oscillator to

the remembered pitch of a vibrato fro~ a'tape recorder. The tipe was prepared
from the output of a voltage control czcillator. Essentially, the sub-

jects attempted to match the pitch of a frequency modulated wave by

memory only. If they were,to hear the tape vibrato along with the audio
oscillator sound there would be a tendéncy to match beats at the upper or

0

w
|



22.2

Jower frequencies rather than obtainm a pitch perception. A simple toggle

switch provided the means to listen to one or the other.

To prepare the tape, test parameters must be selected. Musicians
feel that vibrato rate, or the modulation frequency along with vibrato
depth (quarter tone, half tone) are mainly responsible for controlling
the warmth and emotion that their instruments produce. In the South ‘
Carolina taﬁe, vibrato rates of 3, 5, and 8 Hz. were used with a depth of
from 35 to 91 cents. Twe otheer parameters-included in the test were the
basic frequency and the type of modulating signal generated. Sine and
triangular waves were selected, the latter so chosen that the rate of
frequency sweeping was the same in any differential frequency range. Most"
of the tests w fé run within 15% of middle A. High and low frequenciﬁg
increased subject difficulty, :

The upper and Tower frequenciés of the vibrato can be obtained by
connect1ng a frequency counter to an audio. oscillator. A Lissajous figure
is formed on an oscilloscope from the voltage controlled oscillator and-the
audio oscillator. When the Lissajous figure becomes momentarily Stationary
(and does not move in reverse), the frequency meter reads one of the
vibrato pitch extremes. As a check, the frequency meter can read the output
of the VCO and integrate over a time span much greater than the vibrato
period. Thus the average frequency is obtained. )

With the 4 parameters precisely identified, the test was designed
to give a variety of combinations. Test I was a monotone to check if the
subject might be tone deaf. It also served as a control to see how ac-
curately a subject could match the correct answer, provided there was one.

Test. results indicate that although an individual might select a
pitch any where within the full depth of the vibrato range the entire group-
average was quite close to the average provided by the frequency meter.

The 9th and 12th test subjects (as indicated by counting the dots from left
to right) have arrows indicating that they selected pitches outside the
vibrato range. Perhaps there was a matching of chords. The last 2 test
subjects were singers and 5”n9d to come consistently close to the average.

Can you determine the rrnun to which your ear responds? Some folks do.
#



7.3

Vibrato Test -[# Subjects
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LOUDNESS LEVELS

From your feading in the text you will know that your ear does not
perceive the intensities of sounds in a linear way. If the power to a loud-
speaker 1s doubled the sound you perceive will not seem twice asA%gud, instead °
it will seem much less than tw1:e .as loud. . A graph of your sensations of

Toudness plotted against the power to the 1uudspeaker would 1nnk something = ‘
like this -
i”,,

sensation

~ of

loudness

P : ] _
lToudspeaker power
Because this graph is not a straight line we say that the sensation of loudness
is a non-linear Function of the . sound power. Sound levels are most frequently
measured in decibe1s (dB), an arb1trary scale based on the‘]egar1thm function, ¢
which only crudely approximates the response of the ear. We zonvert other
physical measurements to the decibel scale as follows: - , W
_ Acoustic " Electrical
= 20 Tog p/pg | = 20 log v/v,
=10 Tog 1/1_ S ﬁ - L =10 log P/P,

In these equations L is the: scund Jintensity Jevel in. decibels and ‘

p 1s the sound pressure in dynes/cmE 7

I is the sound intensity in watts/cm2 ~

v is"a voltage in volts o

P is a power in watts \ ’
A11 those quantitTes with a 5ubscr1pt o' are reference 1e;21s For acoustic
measuréments the réference is usua]]y the threshold of hearing. Therefore, .

for example, is usually 107 -16 watts/;mz,ﬁ?z -

Q In audio electronics the measurement of sound Tevels are made elec-
tronically. There is no such natural reference poink as thE\FhFEShQ1d of L.
hearing. In practicé a variety of reference points' may be used. For ,example,
the amount of noise added by an amplifier tD the musical 519na] m1ght be-
juoted as, "Signal to noise ratio = 80 dB." This means that-

v_signals Q ¥
SOg! 20 log v holse
H : ’ o - ‘}‘ F 3 ’iﬁl
" | 8
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Comparing this formula with the above table you can see1!=gi the average noise
voltage is taken as a reference. The above statement says that the average
signal voltage 1s at 80 dB relative to the reference noise voltage.

Electronic readings of audio signal levels are made on a VU meter
(volume units). On the next page you will find an accurate drawing of the
face of a typical VU peter used in magnetic tape recording. There are two

scales on this face the lower, smaller, scale reads voltage 'Entage
of the optimum recording voltag® When the meter reads 10074 the signal

to noise ratio. will be as large as it can be’without distortion due to exces-
sive signal vo]tage.! The upper .scale reads decibéls. Notice that 0 dB on
the meter corresponds to the optimum recording voltage, 100%. Therefore, you
know that the reference point for the VU meter decibel scale is a reference
voltage equal to the optimum recording voltage.

Let's check out the decibel scale of the VU meter by comparing it with
the voltage scale in %. Our basis for comparison will be the angle 0 of
needle deflection. Because of the mechanics of the meter movement itself,
the voltage scale is’notséxacniy’1inear with 6. Use a protractor to measure
the angle of meter deflection from the 18Rt hand edge of the scale for relative
voltage readings given by the dots on the Jower scale at 20, 30, 40, 50, 60, 70,
80, 90 and 100%. The table of your readinfs will be the function V(@)/vb’
relative voltage as a function of angle. Now use a piece of graph paper to.
plot 20 Tlog [v(@)/VD] on the vertical axis against O on the horizontal axis.
The curve that result4 from connecting the points should be the decibel curve.
Finally use yodr protractor to measure the angles for the indicated readings
of the decibel scale -20, -10, -7, -6, -5, -4, -3, -2, -1, -0.5, and O dB.
Compare these readings with the curve you have drawn.
Experiment: To use the VU meter to demonstrate the inverse square law of

sound intensity.

Apparatus: -

— — e —

white noise|  lamplifier | {il r>__.|Tape Recorder
source speaker CE% W
. — microphone meter
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According to theory the intensity of sound at the microphone obeys the rélation

z .,

I ar”
so long as r is not small compared to the dimension of the speaker. Suppose that r
Ts doubled. By how many decibels do you expect the VU meter to drop? B
Test your answer expé‘ﬁment311yi To get the most accurate reading set the
amplifier gain and tape recorder input level so that the VU meter ‘reads 0 dB,
This is then the reference intensity. Now dduble the distance between microphone
and speaker and again make a reading.

, P )

2
Questions: ;
1. Why do we use a noise source rather than a pure tone for this measurement?
2. -What are the effects of surrounding objects, such as tables, walls, floor,
ceiling, on this experiment?:

-quipment: :
Accurate drawings of VU -meter face

Protractor , '
White Sound Source (an FM radio tuned to an unused channel will do)
. ) :
Amplifier }
Speaker' f;j
Microphone ( ?
~ W Meter (a tape recorder with a yy meter wjll also provide the necessary N
microphone preamp.) . . o E
/
|
~
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Aruitoxt provided by Eic:
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THE VIRTUAL PROFESSOR

One problem with demanstratians of transverse vibrations of springs

"is the explanation of the phase r%versai of a pulse that is reflected

from a fixed end mount of the spring. Since the fixed end mount cannatA
move,the usuai explanation involves superimposing two waveforms of identical
Shape but opposite poldrity and propagation vector passing through the
fixed mount.  Since the sum of these two waveforms will be zero and
independent of time at the fixed mount we say this leaves the mount unmoved.
But what is the source of the wave with reversed polarity and prnpagafion;
vector?

A simple mathematical trick with Fourier analysis creates zones that
are familiar in crystal ph;s1cs and other wave %échanica1 treatments, If
we have a standing wave system we can divide the space wave. The zones will
then be identical as far as the characteristics of the wave motion are
concerned. We can say one zone alone is necessary to.describe totally the
o:ig1n31 whole space if we just duplicate th1§ zone to fill the space
A one dimensional zone would thus be thgughts%f as having waves entering
from the left and a second set of wg#és entering from the right with such an
amplitude and phase as t?feaﬂcETﬂgé the boundaries of the zones. The
whole standing wave i;ﬁfhus described in the zone by these two sets of
traveling wavesﬁfﬁfﬁ WS A 7

In likgfmﬁﬁger to the zone we can efvision the fixed wall mount of the

spring as thegloundary of a zone in which we are found. The trave1in§

pulse moving tow8d the wall will be balanced by a pulse comtng from the

next Zone (Virtually behind the wall) through the mount inta’our zone,

9‘)
P
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The pulse coming from the virtual zone will have opposite po1ar1ty
and propagation vector compared ta the one created in our zone.

As an approach to seeing 1nt3i§gg zone behind the wall we p]ace

image behave just as a "Virtual Professor" wodidi The symmetries are
not exactly correct, however, since .the pseuda&ectar relationships of r
reflection of transverse disp]aéement do not give an -opposite pc1arity
to the virtual pulse approaching the mount from the virtual zone. Both
pulses appear to have the same polarity. The timing is obviously aérfect
however, in that the real pulse and the virtual pulse arrive at tﬁé*wa11
mount simultaneously aﬁd proceed "through" the wall with a polarity reversal.
The impression of'passing thfaugh the wall is overwheimiﬁg, however, and
emphasizes the effect stressed by the Fourier analysis.

The possibility of using a corner‘of mirrors was considered and a

cursory experiment/indicates phat a very large mirror corner would be
4 =

required due to the restrictions of the angular view generated by the corner
reflection. Thegretically, the corner would give the proper polarity to

the virtuak pulse.

ra

)
N
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Virtual Pulse

Pulse

Pulse and its image, the "virtual" pulse.

Practical Hint - It is best to use a "slinky" on the floor'- the

wave travels more slowly, and the polarity of pulse can be seen.




'transducers at each end. One af
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Reverberation Spring . .
L] ) . . [

Modern recording techn1ques leave as little as poss1b1e to chance. {;r>\\Lfg
As the orchestra or band plays individual m1craphones pick up the sound}
of each section or each instrument (tight mikeing) and send those signals .

to individual tracks of a tape recorder. In makiné a rock recording

theréimay be as many as 5 m1crephanes and tape channels on tbe drums alone.

Tape recorders w1th 16, 24, and 32 separate tracks are the industry
standard for recording sessions. These separate tracks are then studied

in deta11,*e1ectronic;;?y modified or perhaps individually redone before
they are mixed down to make the master tape. Because of the tight mikeing
there is little reverberation or echo from the recording studio present

on the tape. However, wg are nor;§11y used to hearing music played in same
enclosure or another and music’ w1thout the normal reverbErat1an of a room

{
typically sounds dry and T1fe]essi This is particularly true of romantic

~ works such as the symphonies of Beethoven. Therefare; reverberation must

be adged artificially.

The simplest and cheapest‘ray to int}aduce artificial feverberatien
during mixing is to use a mechan1ca1 delay Tine or reverberat1gn spr1ng
Rév22$erat10n springs are used outside the mixing studio as’ well. They i
are used in Moog and Arp synthesizers to add realism to the electronic sound.
Inexpensive reverberation springs can be added to automobile radios to
provide a sense of depth to the sound 5

The réverberat1on spring provides a relatively realistic 31mé13t1an

of reverberation in thatits output includes/4everal well defineﬂ echos

followed by a jumble of sound with an pxp"'éntiaﬁkdécay The Feverberation

spring consists of a spring about 10 g lanqg w1th éleﬁtramechan1c31

e transducers FEE91VE§ an electrical

o — ~

51gna1 from an am 1f1er and converts the signal 1nt@ mechan1ca] vibrations

/ 99
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of the spring. The mechanical vibratfon propagates down the spring
until it comes to the secone (rece1v1ng) transducer where 1t/QEneretes

an electrical signal. The vibration is also ref]eeted etetﬁet end ‘
vprepegetes‘beek ug the spring until it is refTeeted by the end of the
spring where it started. The vibration then propagates down the: spring
again to the receiving transducer where it creeteeﬁe seeeng electrical
signal. This ref1ect1en process cent1nuee until the energy 1oseee due

- to friction in the spring reduce the emp11tude ef the vibration to, zere,

~ large roem the time interval between echee is long, say 25- 30 m1111eecends
}But a vibrational pulse hee_on]y to go about 10 ¢m (er 20 cm for a reund
teep) to create the echos. Therefore the speed efgeound on the _spring is
very slow . typically about 1/100th of the speed of sound in e1r Thé
v1brat1ens of the spring itself may be of several kinds. They may be
compressional in which the coils of the spring are. alternately equeezed
together and separated. They may be transverse in which the coils of the
spring move perpendicular to the direet1en;ef propagation of the sound |
Qave. Or, they may be(tersieneT in which the sound wevee“mevéivby twisting

the spring. To some extent all of these three types of: v1bret1ene are

created on the spring, but.one of them will be ceup]ed most strongly tg-

\tge transducers and will be by far the predominant vibratien Which eF
' the three types of V1brat1en is predomineﬂt d%pende upen the pertlcu1ar

%

eprinq and the type of:transducer coupling.
| One of the practical difficulties with the :EVErbefetien spring ie‘thet-
its Frequeney Fesponee isie) limited to SDmeéﬁiﬂQxTESS than the entire,eudier
~.spectrum end’ bj very ragged with many peaks éndv%11eyei Thie poor
response leads to a ce]orat1en of the ;eund passed by the egr1ng, name1y # ;

the imposition of a tene11ty which is chegeetey1et1c of théspring 1t§e1f'
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and not of the music beingrtranshfiﬁed. In practice this problem. need

not be fatal because ~a) the reverb signa1fis usually mixeé in rather

» small proportions with the crig1n§1 audio 51gna1 and b) the nurma1 effect
“of a reverberant room is to color the sound somewhat Thereforé, the

spring reverb does not sound comp]etely artificial, : . i

& f s . - : .

3

Exper1ment' This Exper1ment consists of severa] connected parts.
. '] “}
A. Determ1ne the velocity of sound on the spr1ng by introducing

T

pu]ses ind u$1ng an osc11loscope to measure. the delay t1me.fow the pulse

‘*‘ "

¥

]
Fl

to propagate down the spring. You will be able ta observe the first

arrival. of the pulse at the receiver as well as a number of - ‘subsequent

echos
B. Determine the resonance frequencies of the spring. It is the
strong resonances of the spring that 18ad to coloration of the sound.

¢

Theory of the resonances:

ﬁe’spring is fundamentally a one-dimensional system with fixed

boundaries. Therefore, the resonant modes of vibration are

oL
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where L is the length of the spring

A is the wavelength o®the mode
/
% is the Frequency Df the mode®
1
. Vs the SPEEd of Saund on the spring.
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7 Notice thak tﬁegregqhances are équ?11y.sp§céd inifrequency. The .
- cqmmon freﬁuenﬁy-difference* is (v/2L). You will be ab1e;td idenﬁﬁ,_
morerthan 30 resonances. s | ' |
| C. Visually identi%} several-of the resananéeimodes(or'standiﬁg

waves) of " 1cwest Frequeﬁcy i.e, ‘the part1cu1ar mades ‘shown 1in the -

e A S

- o g -

figure above. L.

%

D. Listen to some music played through the rever&»springi

b S
P

Procedure: : - GQ £ Eﬂi- - ; | D
" LP SuUp P L‘/ QT .
Part A. — , — ) A

. Sound velocity.

Set the square wave geéeratﬂr to produce two cycles per second.
The reverberation spring will be sensitive only to the cﬁanges of the
Square wave which wi%? appear as pu]ses Adjust the output Tévé1 DF:thé
o « SPring reverb can‘be seen on the oscilloscope screen, NQW‘adJu$t the
trigger sett1ng 50 that the osc111ascope trace is initiated twice every ]
second, Each 5uccess1ve pattern on the screen should appear 1dent1ca1
Although the reverb spring is transmitting 2 pulses for each cycle of,
the square wave, one positive the other negative, the asci11ascope swéép

is triggered Dn1y on one of these pulses for each cyc1e

¥

The pattern you should see looks 1ike this , X
’ SWEER! 2,;:? ﬁs&ﬂ ez,

TRIGGEAR
 S7TARTS
SWesp 1
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Using~the caiibration ofr the_oscilloscope sWéep measure the time
7rt1g This is the time required for the pulse start1ng at the transmittqnﬁ\%s
transdu;gr te reach the receiving transducer Now measure: t2 -This 15

the time for the first raund trip and it should be tw1ce as 10ng as t1,

':"

the time for the one-way trip. Now measuregt ' the time for the Si?Dnd y:;;;;f

raund trip which should be equaT to t2 !
Next measuﬁg L, the TEngth of the spr1ng from the first cDil to .

;the last, neglect1ng the connecting loops at éhe ends .of the Spr1ng “The ~
speed of sound on the spring is equaT to 3 ;:'f L A - e;
- . B e .
* Jg = o . 7
" ; v L/t

. S
You are now prepared to predict the common’ frequency differences

For the resonances of part B. The compion frequency d1fference is (v/EL),

ryfrom the above formula, this common d1fference is (1/2t, ). ;é

Part B: Resanances

;;g?‘kx?gg }
A7o TR |

— e oy ek

\

. The level man1tar, which may be an a.c. vo1tmeter or the secpnd trace
’ r
he1ght of the resonancés are wanted( W?th this mon1tor 6ne can adjﬁst the
oscillator output to be canstan% 1hdgg§ndant of its frequency.
Tune the oscillator around the region of 400 Hz where” there are 4
typically the strongest EEEQnaﬂiéS.f Adjust the oscilloscdpe input and the.

F
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scope eereeh It is best to app]y only a week 51gnel*to the spr1ng from
the ese111eter and to amplify the spring output by using-the mest i
sensitive eett1ng of the oec11105cope 1nput S0 10ng as the eutput s1gna1

151 net ‘badly distorted by noise v1bret1one within the roum wh1ch are

- . e e e e e et
O x

pieked Up by the Spr1ng To reduce thﬂe no1se 1t may be he1pfu1 to p1ece i)qiﬁ;hj
W:*the reverizspr1ng unit' on a piece of rubber feemei' - T
Ne;‘meke a table of the resonance Frequencies Tune. the eee111eter ‘
frequency eareful]y so that the resonance peeke eppeer as 1erge as p0551b1e
on the screen. The reeoneneee are very sharp and therefore some time is
required for them to develop. When searching for resonances you will have
to tune slowly. Find the frequency diFFefeneee between sueeeeeive resoneneée
M. and eompere these differences w1th‘tEe expeeted value ea]eu?eted in part A.
The Tow Frequency resonances, at 1eee than 100 Hz, are more difficult
to excitethan the higher ones. They are bqéedeu, not as strong, and often
are not quite in tune with the expeetegyfeequeneies, To observe these

xesonances may require inereaeee output from the sine wave generator.

=
=

C: Observe some of the lowest frequency resonances by visually noting
he nodes and antinodes of vibration. The Jowest resonance has no nodes,
the second resonance has ene.node:ch,uae shown in a previous figure.
By observing these Tow resonances you will be able to determine the
type of vibration (compressional, tféneveree, or torsional) which is : .
predomgnent in your spring. If yeurgteDTe of resonance frequencies is
complete down to the Toweet‘mede then the wisual observation will provide
a base. from which you can assign the mode character of all the resonances
. you have seen, J
Part D: As you Tisten to music through the spring listen for the

coleration of the sound end;foe the decay time of the reverberation.

¥




- 25.7
Equipment: ‘i:
-Part A; Any square wave generai@r capable of supp1y1ng 1 watt 1nta an
88 at 1- cyeleAper.secandr- A.stép dawn transfaﬁmer or- aneamplif1ér mfuiaww"':.

,’may be needed on this generat@r c;,put !

| . - _%;__ ke
Part B and C: A sine wave generato@ capable of suppTying 1 watt into

an 8 Q Toad, 15-500 Hz.
A digital frequency counter.

Optional: Level moni tor such as ?;C, voltmeter.,

Part D: A 1oudspeaker and source of musgc, e.g. A radio.
~Generally: A spring reverb. These are mpst canvenTent1y bgught as
reverberat1an un1ts for rear speakers in ap automob1ie under such brand

names as "Stereo verb" or "Sterea magic."

'gﬁe reference to "stereo" is,

of course, misieadingg The reverberation dobs introduce a sense of depth

. ) ! 5
“into the sound as does stereophonic reproductign. These units sell for
less than $15 aﬁé include a smaT1 power ampiiféir;= With such a device no

additiona1-ampT%fication after the spring is ne?;edi. However, these units

do require a pawer supply, 12 v @ 0.5 amp. typ. ré;en selecting a reverberation
unit the rule to follow is to buy the cheapest unﬂ‘?va11ab1e Inexpensive .
models will 1likely have the most pronounced resonaﬂges Furthermore, some
reverberation units are made with two parallel spr1f15, both of them driven
by and driving the same transducers. Such units may§§ive better sound but

W

;éré clearly unsuitable for this experiment. One is unlikely to find dual

springs in the cheaper models of automobile reverbs.

Alternatively one can buy the reverberation spr1ng with transducers mounted
on a s1mp1e frame w1th no am$11f12ﬁ from various e?ectrcn1c supply houses.

Eg. Olson Electronics, Akron, Ohio, May 1974 less than $1.00.

Oscilloscope: Must have triggered calibrated sweep,
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. Compressional Mode
. Successive Resonances-stereo magic - (17 June '74)
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There is no particular reason to stop here « one can continue indefinitely.
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THE AIR RESONANCE OF GUITARS AND VIOLINS .

Object: To 1dent1fy the air resonance of a guitar or violin and investi- *
~gate its contribution to the-sound qua11ty of the instrument. )
AEEaratus A gu1tar or violin, an opened beer or soda can (f11p ~-top
'bpening'prgferred), masking tape, §§p4ano,or'a device to generate-audible-
tones of measurable fréquency (unnecessary if you have perfect ﬁitch)
Procedure f‘Probab]y everyane has blown across an empty bott]e and prcduced

—~

a tone of def1n1te pitch (a1ang W1th various amounts}ff h1531ng sounds).
With a b1t more difficulty, i.e., more hiss and less tone blowing across a
guitar. saund ha1e or one of the f-holes in a member of the violin family
will produce a tone referred to as the air tone, air resonance, or Helm-

holtz resonance of the instrument. The latter designation

-

identifiééxﬁge physfcaI origin of the tdne: the Helmholtz resonator is a.

somewhat bulky, rigid CDnta1HEF enclosing &n air cav1ty .The container
usua]1y has only oné opening which is small campared to the d1men51on5 of
) the container. A tone is produced when the mass of air surrogpded by:the-
small hole is forced to oscillate in and out over a small range. The
volume of air tigppéd in the container acts as a restoring spring for the
oscillating air mass. The pitch of the resonator is Towered if the area
of the hole is decreased (most people guess the opposite will occur) or if

the volume is increased. To observe these effects, blow across the beer

f,ﬂg,

can Dpeniﬁg and note the change in pitch when: (1) the opening is partially
‘closed with your finger, and (2) the can is emptiéa from being partially

filled. The can is more suitable than a‘bott1e”becéuse its characteristics
are more like a stringed ihstrument and it is easier to observe the effects

of reducing the jopening size.
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R Now take the stringed instrument and det3ﬁn1ne the frequency of its =~ ,
air resonance by matchlng it with a piano note or other means. fAn alter-
nate method of exciting the air resonance is tQaE?"Q directly into the
.hoie ‘s1iding up and down the scale. Both f-holes of thewviolin are active

B a1thaugh you need to bIGw across or sing 1ntu on1y ohe, By use of the second

method, the 1nstrumen§fresponds strongly at the air resonance with rein-

[Sssfsrcement of the sound accompanied by vibration %f thegéfod body. Other
resonances, usually higher in frequency, with strong wood vibration, can
also be detected by the singing method. Like the air resonance, the fre-
quehcy and strength of these "wood" régcnances are important factors in
determining the quality of a stringed instrument.

In most violins theraif resonance is %nﬂthe range C to D#’near thei
open D string (260-300 Hz),A to B on the G str%ng of a viola (220-250 Hz),
and A to B on the G string of a cello (110-125 Hz)f On a Quitar jts location
is less easy to predict;. some good Qﬁitars’have the aivr resonance close to

-G dn the Tower E sﬁring (QSEHE)} Once the frequency of the air resonance ’
is identified you can observe ékéachanQEE produced by‘partia11y=c10§ing
with masking tape the sound hole of tha gu{tar or one f-hole of the violin.
Be careful to use tape that won't remove the finish on the‘iuod! Cotton ,
may be used in f-holes. With one,f-hole of a violin completely G]OSqu

5 the air resonance moves down 3 or 4 semi-tones. Play the instr&mentsi
under these conditions and determine which notes are most affected by fthe"
change. To discover why the ‘instruments have sound holes at all, cover them
completely and play the instruments. fhe instruments will be noticeably

weaker on those notes in the vicinity of the air resonance which no longer

. exists, RN _ ,

-
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By choosing the Dveraif'size of the instrument (volume) and the
area of the sound heie(s), the Tﬁs;ruﬁent maker has determined the place-

~ment of the air resonance. If the sound hole of a guitar is too Iarge§
the instrument wiii lack bass rESponsé; if too smaii—jﬁtﬁwi11-be bass~-

=

Heavy-with pnér eb1e respanse One reason a cello 15 larger than a
.violin 15 to help 'achieve praper pTacement of the air resonance ~
How' does p1uck1ng or bowing the strings excite th15 a1r‘resonance?
Recall ﬁhat ou could feel the vibration of thd wood when Tocating the
air resonance. Sound produced at the hole caused vibration of the wood:"
" When the 1nstrumedt is played, th1s process is reversed the vibration Gf
the. wood causes sound to ge generated at the ho]e The wood vibrates béa b
cause the bridge transmits thé string vibrations dirggtiy }o fhe wood,
| One pur%ose of the soundpost in a violin is tgiprOQErTy place the
frequency(of thg air resonance. Without™the soundpost, the instrument
sQunds quitea%iserabie, partly because the air resonance has been sHifted
down scale about 4 semi=to@esg This Towering of the air resonance occurs
' because the instrument is hardly an ideal Helmholtz resonator with abso-
Tutely rigidrwa1]§! The presence@of the soundpost étiffeﬁslthe “container", '
which brings the instrument c1oserREo the rigid state, presenting a stiffer
encioseakair spring to the oscillating air mass in the sound hDTES’; If &

beer can were made of f]ex1b1e rubber, it would have a lofser air resonance -
}
than the identical size convent1onal meta] can. . i
¢ .
Just as 1in an organ pipE or wind instrument, standing waves can occur

in the enclosed air of a stringed instrument. These "other" air resonances
( are less impbrtant than the Helmholtz resonénceS but current research may
L= ’ = / 8
reveal that knowledge of their relationships to the wo6d resonances help
to identify a truly Superiof instrument, ‘ ~ '
3 S ) : . : f
¢ - . : |
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fHERESCJ)r\lANCES OF SPOORS . . —

: (aiSQ“FOrkS;'Knivésg Sma11 Wrenches, Hacksaw Blades, efc. )
| Studehts may do their own. exper1ment1ng by Su§pending
a spoon by the hand1gg in the m1dd]§ of a 5tr1ng: Use thumbs tp
press the free ends of the string into both ears making sure that °
,no other parts of hands or face touches the string; Now swing the-
spoon against the table edge or chair and enjoy a new sort of ,
(stereophcn1E ) high. ’
i_IIi The following apparatus will recfeate much of the above
eFFécfgfgr large lecture demonstrations.

i . 7
Caﬁggbéé ‘:fk 0. D.
RE’CQFGJ@E 7’f§ - : ’ :

ﬁ.crar)‘\()h&&

7
555 weat Plum b/’n?

"g Fa/&t‘ir Sfc:urfg/
' With pipe cleqgner

%ZE% SEvring or Fine
J wire.

Wrap the inside of one end of a 1 1/4" 0D, 90° sweat copper
plumbing el with soft tape so that thé Dynamic Mic;aphone fits snugly
iﬁside with the front end of the microphone almost up to the bend.

The Dtheriend of the el will Le covered with a d1aphram made from a

piece of Qrd1nary aper secured with a pipe cleaner. The spoon is

suspended from a Tength of string not more than 3" long which is



1nserted through a small hole punched in ‘the d1aphram andlrestra1ned J
N i'i 4
~~ . by a knDt1 The microphone goes ‘tg preamp, power amp and 1oudspeakers
}
: o ) . e
A quad deqoder-at "line" level may givé an interesting stereo efféctt
N

. Thé most critical element q% the system is the string con-

necting spoon to diaphranm. Us1ng soft tW1ne is mechan1ca]1y 51mp1e
%&i
\ but severely attenuates upper partials. Note: Since the harmonics

% -

' © are presumably exponentially attenuated the u1t1mate 10udness of

\p* : upper partials should dé;rease approximately 1inear1y with string

L

Tength. Wire which swings from the diaphram without bending when
S the spoon swings (eg. #Zzléoppér wire) can be used but it must be
glued to the inside of tté paé%r diaphram to avoid an intolerable
scrétching noise. - The other end of the wire mutt be wrapped tiéht[ﬁ
and several times around the spoon handle to avoid scratchingﬁnoise -
. at that end., The adyantégé of wir% is that more of the upper partia]s
are transmitted, Apparently the finer the wire the better this works.
Caution: Because of the Targe amplifier gains ( = 2000
f;om tfeamp alone) tbg System should not be jarred. Best to do the
demonstration in the middle of the 1ecture when penp?e are not’ cam1ng -
in or going out.
~ Note on diaphram: A stiff cardboard diaphram does not respond
‘we1] to high harmonics and produces a smaller signal. Paper works bet-
/A ter. Put the hole in the paper diaphram OFF center.
Results: Do not bang the spoon; tap it with various small
objects. Try a metal screwdrijer tip and the corner of a pine block.
Of the eating utensils the spoon gives the most iﬁteresting sounds.
Strike at different points on the perifery of the ladle. Strike the

edge of the handle and the bend at the throat. The principal resonance




:should be diminished relattve to upper partials when the spoon is
struck at the throat. The princ{paj resog;nce is strongest when
_the spdon ﬁs struck at eithé? eﬁd! Intéresting resilt.on a three-
tined- fork: én the Dénsk v Tafge fofk I,hear'beaﬁs between normal

‘moagg which apparently corresﬁoﬁd to vibration of the two outer

; tineg,i On a four-tjned fork there is quite a jangle in the region
”Gflthe tine resonén;esi
3
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The Mixing of Colors

§
Notes to 1nstruct0r

F

TIt is hi%;?y un]ike]y-thét ygu would have more thah 3 slide érojactors

at your disposal, soiit is assumed that you will be setting up the
situations in this-experiment while the students, each wi%h ~ Jfraction
grating (or a hand held spectrometer) will Qésérve and reénrd their-
observations. < & | i

It is éuggested that you do the exper1ment at least once ahead of
time so that yau may seeé how fo set up the progectgrs for optimum
111um1nat1@n and so thgt you may see if yﬂur prepared reflecting surfaces
actually g]Ve the de51red,resu1ts ‘ . *\

Note that the heat F11ter5 and bulbs vary from prajegggﬁ‘to progector
In severaT 5ect10ns of the exper1ment, it may be possible to switch which
«&f11ter is used in which projector to give the best result. Also make sure
youﬁklamps are set to the same brightness.

Edmund card mounted &iffraction gratings (catalog #:FféD,ZazrfGr
- 40) are so inexpensive that you can give each student one. These gratiﬁgs
seem to give a brighter spectral image than the hénd=he1d spectroscopes.
If you wish to make the experiment more quantitative, you may just prop a
meter stick égaiﬁsp gﬁe screen where the spectra are to be viewed. Science
Kit makes a héndshé1d spéctfcsccpe with a'ﬁumericai,sca1e inside it
(cétaﬁcg # 16525) but the spectra are fainter.

Colored f%?térsmmay be purchased ffom'weich already in cardboard slide
mounts; ﬁﬁu 6ay ChQDSé to order the large sheets from Edmunds, however,

_and make your own slides. You get more that way and you can use strips of

the same color in the next title experiment on Spectra of Colored Lights,

-



- J
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It is easier to view the spectrum if you are looking at just a slit of
light. A piece of cardboard with a s1it about 3 mm wide can be- inserteds

into the siide projectOﬁ?ﬁith each color Fi1t§r1 ‘The cardboard should be

4 . . o . 7 o A
sturdy and should be the same sfze as a standard s1ide. /f

Fections A and B are §§1f—expfaﬁatory, If yolur students haVerﬁever

o

used a diffraction grating,’ycu may wish to have them sketch the spectrum
from a white 1light source befdre beginning section A.

Section B has an opti@na1'sectiong This was considered less imporyant

%

and was made optional out of time considerations.
L i ) . ) B
Section ‘C needs several cards to be prepared by you prior to the

day of the experiment. The size of the cards and aﬁ?the painted secticﬁg

=,

depends largely on the intensity of your projector. }he'main.suggéstion

(cut wider slits, move projector closer to screen, etc.)

You will need three Or four painted cards. Our résults were best

with the main suggestiéqé giver. Some alternate suggestions will be
made. V i

We used heavy cardboard about 3" x 12" and painted bands of color

one below another about 3/4" to 1" high with a¢ry1%; paint (alternate
_ . : 4
suggestion - tempora paint.) If you use acrylic, you will get a smoother

ightly before applying the paint.

finish-if you dip your brush in water sl

You will need to purchase at least 8 tubes of acry1ic'paint a'redg yellow,

green, blue, cyan, (blue-green), magenta (or red vi§1et)§£wa dther greens.

Card 1 will look like this: T T Jeave white Cardbogrd

_ted
\;]EU iy

fgf"r’é'é,nj

lﬁgﬂh
blue

N



C%fd 2 will bg the same\qg1y the color bands will be various shades
of gréén (311 acry?icag Use some shades straight from the tuSe then mix one
: gréén with yellow and cyén and another with yellow & blue. (alternate
sﬁgges tidﬂ - use vérioug shades of yellow including orange, chartruse
and goid.) ) F v
Card 3 will have color bands of the same color but of different mgdia.t

We, suggest.bright yellow as it is fairly easy to match. Some media to

cohsider are: artists-quality - watercolor, acrylic, tempora, oil; cheaper
quality - eﬁameT,zspray“Eﬂame1g magic marker, paper, etc. We got |
good résu]ts for easy discrimination using spray enamel, magic marker
aﬁd acrylic. | | )
u You may wish to have a fourth card with just a red and magenta,\gr
you may use Card 1 Fgr the last section of the experiment. The magenta
should be tested for the last section; it should look Tike a true red
when viewed through a yellow filter and like a true blue when viewed
through a cyan filter. We found aﬁt%éts quality of tempora baint:£0
work well here - color Red Violet.
Section C also has two optional sections. These were again made*gptional
partly Eecause of time considerations and partly because discrimination of |
"differences in the spectra is exéeédiﬁgiy difficult. It is to be noted,
however, that these tdpics are pafticuia?Ty relevant to the aftkstudenfg
so that if you think discri%inatian can be madé and if you ha?e timé: it is
suggested that you include thésé opLional féc}ionsg
If you have time, you may wish to ]etryour students mix their own
pigments to lTook at through a grating |
- The intrcduct@%y question regarding how spectral analysis is used
to detect forgeries can be discussed with the students thusly: certain

¥
pigments were not used to mgke cobalt blue until the 16th centfiry. If a

¢ v 7



century shows that Cobalt blue was used, the painting s obviously a

forgery. !
Suggested references (the first listing is the best for this experiment).

1. Colour - Its Principles and their Apgjﬁcatipﬁg by Frederick W. Clulow;

Publ. - Fountain Press, 46/47 Chancery Lane, London; 1972.

2. Light and Color by Rainwater; Publ. - Golden Press, Western Publ. Co.;

paperback. \

3. Eye and Brain: The Psychology of Seeing by Richard Gregory; Publ. -
| McGraw Hill; paperback.

4. Seeing and the Eye by G. Hugh Begbie; Publ. - The Natural History

. Press, Garden City, N. Y. - paperback.

=g o , . )
5. An Introduction to Color by Ralph M. Evans; Publ. - John Wiley & Sons,
, ] vt 0

6. Color-Vision; National Academy of Sciences, Washington, D. C.

£
;’" *



OBSERVATIONS ON THE SPECTRA OF COLQREDLIGHTS AND OBJECTS

; (
T \

OBJECT: To observe the Tight from different 11§H4 ,,urces§»1ightvwhich?
has been passed through colored filters, and Tight“which has been reflected
from colored surfaces, to see that light of a given?féﬁigﬁ“ may arise in

a variety of different ways.

MATERIALS NEEDED:

Long fiiam?nt‘ciear tungsten Tight bulb, (su¢h as 1s used in many-display
cases). , -

Gaseous discharge tube and a means of exciting it. An uncoated flourescent

tube (from Edmund ) can be used here; it is a mercury source.

Diffraction gratings, one for each student; cheap Edmund gratings will do.
*(These gratings may be m@ré useful if part of a cheap spectrometer,
such as obtainable from"Scientific Kits) They may also be used with
homemade spectrometers constructed from rectangular breakfést cereal
boxes, like Wheaties, etc.)

Various colored filters, Available from: Rosco Laboratories, Inc.
Port Chester, N. Y. 10073

Theatrical filters are cheaper than photographic filters, and just as
good for the purposes of this experiment. ,

Variously colored EOﬁstructiDn'paper, especially of the Tighter hues.
Samples of flat painted surfaces, fabrics, etc. are also useful.

Slide projector, or other means of producing strong uniform i1lumination on
a surface. Perhaps the image of a frosted tungsten filament Tamp can
be used here.

PROCEDURE ;
Hdiding the diffraction grating directly in front of one eye, Took

throuéh it at the source of white 1ight (a tungsten filament lamp bulb),

: -



seen in the innermost bands (the "first order" spectrum; we shall ignore
the second and higheg orders) includes v1o1et to red (VIBGYOR) proceeding
Dutwerd from ‘the central 1mege The presence of these behes “OF color
-indicates that the seeealiedéwhite Ttght emitted by the bulb is in fact a
‘ mixture of light hev1ng all the various hues observed in the band. Care-
fully note thet the band of colors conte1ns no gaps; every hue 1; represented.
Such a spectrum is called a continuous spectrum, Make a sketch of the
continuous speetrum ebservedg not?ng the approximate wavelength (in
nenometers er in Angstrem units) for each major hue.

Now Took through the d1ffract1en grating at a gaseous d1stharge
tuhe (mercury, helium or ether), noticing that the Spectrum now consists
'Qf a d1screte set of Tine spectre; and indicates that the 11ght from the
;fd1stharge tube, 1n contred1st1net1en to thet from the tungsten Tamp, consists .
of only a few discrete hues., The marked eontrast between the two kinds
. of speetrum, continuéﬂs and discrete, is due to the differences in details
-of the phys1ee1 processes 7ﬂve1ved in 1ight emission from the two sources.
Note further that the observed co10h of the source as seen without the
d1ffract1on grat1ng has no va1eus connection with the spectrum observed,
For example, theugh the mercury 1ight sppears bluish to the unaided eye,
the d1ffrect1en gret1ng shows 1t actually to eente1n red, yeTTow, green
end v1o1et 11nes in addition to lines of bluish hue. »

Next let us cbserig-Zhe spectrum of Tight transmitted through
gelatin. filters of various colors. To de this we send white light from
a tungsten filament Tight bulb through the filter, and inspect the spettrum
of the light which survives the journey. We make use of strips of red, ’
blue, and green filter material] ebeut one finch- w1de wrapped around a long
filament Tamp. By using the ditfraet1en grating in the menner previously

dESCYWDEd‘ 311 the sbectra Ffram cavawnal Filtmwme mmam ba' Lo _ 3



that the Tight which comes through a filter of a given "color" is not all
of the same hue, and in fact it may contain Tittle or no light of the

hﬁe ascribed to the filter name. That is to say, the light transmitted
byia filter is not monochromatic, but a mixture of various hues which
together p%oduce the same sensation as would be produced by a monochromatic
"Tight of a certain hue. The name given to this fictitious monochromatic
hue is the same as the name which is ascribed to the filter (as red, blue,
green, etc.)

w; - -Next, by following the same pr@cedure’as above, we observe the T%ght
transmitted from a tungsten filament source through sejgraT filters of
various shades of red (for example, dark red to orange). A pencil sketch
should be made which indicates the region of transmission of each filter,
and it shou]d be carefu]]y noted that the d1ff/;enceg in cc1cr of the

filters may be due to fairly subtle differences in the spectrum of the .

transmitted light. g
Finally we want to observe the spectrum of white 11ght scattered

or diffusely ref1ected from a cotored surface. The experimental pr@b]ems

likely to be encountered here are too jow %ntensity of the scattered light

éﬁd specular ref]ection from the Surfacei The first will make the specfrum
difficult to observe, and the second will give rise-to an unwanted CaniﬂUEj
ous background. It»is convenient for this experiment to use a series of
strips of construction paper D% various hue, aﬁranged in a vertical array,
and 11]um1nated by a strong vert1ca] band of white 1ight. , The spectrum of
scattered light cgn then be Gbserved in the way previously dedcr1bed for the

filters. g
‘A convenient source of Tight is a slide projector; with & slotted plate

iﬁ the slide holder. The vertica]‘stripe of 1€ght should he narrower than

the samples illuminated. Another possible 1ight source is the vertical




il L

filament lamp of the previous sections focussed on the samples with a
fresnel lens, Er better with.a cylindrical Tens if one is available.
Intensity of iiiumﬁnétian is Tikéiy to be a prbb]em in any case, and it
is‘FDrvéHis reason probably necessary to darken the room, or to observe’
the spectrum through a "cereal box spectrometer". Various other samples
can be used among which should be inc]uded certain flat paints, some
brightly colored fabrics (“day=gjcw"3) and paints, and also some natural
materials like leaves and flowers. A sketch sh6u1d be made D% the spectra

obtained, and any peculiarities noted.

TAKE-HOME EXPERIMENT: Obtain a diffraction grating and with it observe

the spectra of variQQs lights encountered -in eQeryday life. _Red and green
traffic signals, ngFresgent 1ights, né@n signs, sunlight, starlight, eﬁc,,
are good subjects. Cereal box spectrometer is a convenient aid for making

some of these observations.
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The Mixing of Colors
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s -Apparatus: 3 slide projectors (one set per class), colored filters,

colored cards, diffréctien grating, good eyes.

Introduction: Did you know' that a celor- Tv transmits only red, green

and blue colors -~ yet you see - Every coTor of the rainbow when you watch
1t? Do’ ydﬂ‘know why a painting looks different in art1f1c1a1 light -than
it does in sun]ight? nd:. do - you understand what it means to use "spectra]
analysis" to study whether an "oT#" pa1nt1ng is a modern forgery or not?
Let's Took at some of the processes which will re]ate ta the above quest1ons.
Two of the questions above relate to the mixing of colors. We will
\Eqduse "spectral analysis (in a crude, but interesting, way) to study the
mixing of colors. There are at least four ways to-mix co]ars The most
obvious way to the painter is to mix two p1gments together to get a shade
he may not be able to buy. One of the- obv1ous ways to a physicist 15 to
mix 2 beams of Tight having d?FFerent wavelengths to get a resultant caTor
" which is different from the two he m1xed. It isfalso possible to pja;e
two different filters tcgether in the path of a beam of white light and
get a color projected-on a screen which is different from_either color
filter. And finally we can view colored objects by using ndn~white'1igh£
In this experiment you will be ab]e to mix colors 1n -each of these four

ways. Since each process is slightly d1Fferent the theory for each process
s &

will be presented in turn. There is no numerical data to read, but you
must report your observations clearly for each section. A suggestion on
how to do this report is given in the first section of the procedure. It

mvs e il

is also suggested that vou write four cimmaviase - Ama fan aanb
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=you have made in that pJLt of the experiment.

AN of yaur observations will be made by 1ook1ng*through a d1ffraction
grat1ng at a slit af light projected cn a screen. ‘You wilT be expected :
to observe and record Epgrspectrum that results sgch time, as well as to

answer any questions that are presented.

A. Mixing of "pure Tlight"

Theory: It has been found that all possible éo]ors of the white Tight
spectrum can be matched by overlapping only 3 basic;wavéTengths (or
banﬂé o% wéve1engths) - those being blue, green and red. These are, . .
ip fact, the three Eo]ars used in your color TV to duplicate all other
colors. Although the processes of color Qision ape-not‘yet clearly
understood, it does seem that your eye responds to the mixtures of
red, green and blue to produce&sensatignsuwhich duplicate all colors
you can normally see. And, in fact, when these three cc1ars are
projected together, one. sees white light. 1In thi57§$se, the white
1ight is not composed of all wave1ength§ of light, yet it gives éhé
same sensation to the eye as if all wavelengths were present.

When "pure Tight" is GVérIappgd in the process described ahove
and performed below. this 15 called the addition ofrcoiors andgfhe

. three colors red, green and blue.are called ‘the primary colors for'

pure 1ight. (This may be seen to be different from the primary colors
for pigment or paint.) )

Procedure:
1. Set up three slide projectors aimed so as to overlap on a scréen.

Place a red filter viewed through a narrow slit as a slide in one., a
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2. Add each two of the.primary colors to get the secondary colors.

: As mentinned above, yau will be viewing each section through a
diffract1cn grating and recgrding the spectrum that you -observe.
It is good to-align the two beams so that yDu can see each color
separately as well as see the overlap region. It is suggesléd that

you record the right hand spectra in the following manner:

e

red

bive

This is based on a spectrum of white light which would 1ook

approximately like

¥|8] & Mo] R
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3. Record each of the spectra in a manner.similar to that above.

Make note of any colors that are less intense than the others. The

mixtures to view are:
a) red and blue produce magenta
b) blue and green produce cyan
c) red and gree; produce xgjﬁ;y

The three colors magenta, cyan and yellow are called the secondary
. .

/

colors for light.

NOTE: Keep the record of these spectra.handy. You may need
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4. Add all three primary colors to get white 1ight. Compare
this white ta a white Tight source from a long filament incandescent,'z ‘1E;}7

tube._ what “do you conclude from this comparisan?

= N

Thédrz: Often a color.wheel is used to represent what’you have Jjust seen.
The three primary colors are shown - nver1apping to produce the three
secondary colors. Where the three colors all overiap, white light

is produced.

Yeilow

ci""'

Any two co]ors oppos1te each other on this color wheel are called

comp]ementary colors. ‘When two beams of Tight from complementary

cuors gver]ap, white or rather whitish Jight is produced. This is easy to .

plain: for examp?er when yellow light and b1he light aré allowed: to cver]ap,
the yellow is actua]]y a band of red, ye11ow and green wave]engths as you saw
in part (3) abcve If you add blue wavelengths to that, you have all wave-

lengths; hence you perceive-white 1ight.. However, the relative proportions
may differ, just-as white sunlight, in candescent 1ight and fluorescent
light differ.
. Procedure:
5. Add each two of the complementary ccjgrsg Record the spectra
observed in each case and record your subjective impressions.
(NOTE: You may not get a perfect white because of the transmission
band width of each color. filter but the result should be convincingly
s . -
lighter than the two overlapping colors).

6. MWrite a_summary for this section as to how "pure 1ight" mixes.
i



5. - Mixing of Pilters ' ‘ "igﬂgﬂgg—— .

Theory: When a filter is placed in a beam of white 1ight, it absorbs

- some wavelengths and transmits others. Thus a red filter transmits
red wavelengths and absorbs oﬁher waveie%gths“?rom the white light
spectfuma This process of absarbing’seme wavelengths 1s called. a-
subtraqtive pracess When a filter of a secondary color is used,
it absorbs in a sma]1 region of the spectrum and transmits over a

" range ccrrespand1ng to ét least two primaﬁy colors. For example,
a yellow filter absorbs b]ue wave]engths (subtracts blue wavelengths)

. From white 11ght and transmits red, ye11gw and greé% When two Fiitersgre

placed tcgether, each one subtrgcts_afsegment;af the white Tight $pectrum and

aﬁiy that portion transmitted by both will be projected onto a screen.

. Pracédure;l - S | R
1. Place two filters together so that Tight must pass ihrough‘twa
secohjgrg colors. Use another projector to compare the mixture of

secondary colors to those of the primaries. For example:

I‘.‘eil(cmé + ﬂﬁqgnf&fﬁ* --— S‘pa:ﬁ"tl

Fed —»

k Repeét for yellow and cyan compared to green. Repeat for magenta
and cyan compared to blue. Explain ggz;yau ére gettiqg the coTors
that are produced on the screen. Do this by exp]aininglwhich

-anéTengthS are absarbéd by each filter and, therefore, which

WaVETEﬂGthS dre not abzsorbed but ave franemit+ad +a dlha mmn oo
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2. Describe what you see when iigptris projected through each
Pair of primary filters. Eip1aiﬁ'What'ygu!§ee in terms of
absorbed and traﬁémitted 11§ht for each pair of filters. - . (,
) 3. DgtioaaI;, Vau may wish to look at combinations of secondaries

~ With‘apprapriétgiprimaries; e.g:, a green fi}ter alone éives the
same cglar‘an the screen as a greén and cyan;pi%éed together. Can
you explain why thié is s0? Try it with othér filters for a s

similar effect. Record your resu1t5 and exp1a1n what is happen1ng.

s

) Mixing o f pignent:- |

: Tpenrg? The way. in which we view an opaque abgect 15 s1m1]ar tD the

- way we see a f11ter we see the wavelengths of 11ght which are .

" not absorbed The wave]engths not absorbed are, in this case,-
re§1écted Again thTS is a subtractive. process 51nce we see onTy
what is nnt subtracted (or absorbed) by the opaque object,

Consider the p1gment used in bright yellow paint: the paint appears
yellow because it is reflecting red, yellow and gégen wavelengths

of light to our eyes. Therefore it is absorbing the blue wavelengths.
If we mix this yéijcw paint with a cyan paint (which reflects blue and
green but absorbs red and yellow) all wavelengths are absorbed by

one pigment o6r the other except for green so green is the color. we

see reflected. If, instead of cyan (which is greenish-blue) we use
Qﬁher‘shadES of blue to mix with yellow, we vary the shade of green

we obtain. (You may wish to try this), Simi]gr results are obtained
by mixing other pigments. To predict what the resulting mixture will

be, keep in mind which wavelengths are absorbed by each of the pigments

you are using to mix.
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each ef the cn1ors on tﬁg card and also you have sgme white
bacrnss the- top as reference,' Recerd the spectra you see, Is
this what you would expe;t? Cemgére these spectra to these of

the 1ight transmitted thraugh _the colored filters. what do=ygu

Lchc1ude?

i1 Ev

Spectra. |
’ L\ug : L _

2. Set up card 2 and repeat your observat1ons and methnd of

. recording. These Coiors may be harder%to discriminmate as -they
are shades of one or two colors. There é{é,differenﬁes, however,

“different - they are

and that is why the colors look slightl)
‘ref1ect1ng slightly different wave1eng hs of 1ight. Compare the

colors you see w1th the naked eye tg the spectra you obtain. Are
the spectra what you would expect? )

3. Set up card 3 and repeat the above procedure. These colors

are all the same (or as close as was possible), but ‘they aré;made
from diff362ﬁ£ jgglg (i.e., watercolor, oil, ename], etc.) o¥¥our
instructor will® te11 you what each is. Can you d1scr1mina;§>any

differences? Show the spectra and discuss what you see.

4. Optional: You may*wish to repeat the above procedure with card
1 with different 1ight sources (i.e., fluorescent, incandescent,
ultraviolet, sunlight, candlelight, etc.) Show the spectra and

discuss what vou see.
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D. Viewing colored pigment through colored light : >
Theory: Hhen white light is projected through a filter, the filter
1 absorbs some ﬁf‘ﬁﬁéiwavelgngths; }f the iransmittedK1i§ht is )
.. allowed to fall onia i?;%erent color pigment, still more of
- the wéve1engths will be absorbed and only a few will be reflected

- back to the eye. This is similar to what happens when an artist

puts a glaze over a painting. ¥ is -also-similar to what happens

C .1f you view-a picture in ngn=Wh¥§§;1ight. / -

You should be gble.ta predict what willl ﬁappgn with different
colors. Let's do one example: suppose we have red pigment on
‘a card. "It is red because it ref]g%£§ only the red wavelengths;
'1tfabserbs all others. What would happen if it was now illuminated
by cyan light (i.e., white light which has been passed through a
cyan filter?) Since cyan light has cnly wavelengths in the blue and
green region of the spectrum and since these are absorbed by red
pigment, there sﬁou]d be no reflected, 1ight and the pigment should

appear black.

- Procedure: :
1. Try the above example and sée what happens. Look Jjust with the
néked eye, then view through a diffraction grating. Record any
spectrum you see,

2. If you project yellow Tight onto a magenta pigment, you should
see a red color reflecting off, Exp]aiﬂ.why the color you see should

be red, then set it up and see. Record the spectrum and discuss your

observations. -

»]h_‘ )
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set 1t"up and see. Again records the;Spectrum and discuss your & . -
R - ' s o ¥
observations. ) T { -

A
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Appendix to the Color Hixinﬁiﬁxpefimgﬁéz
X The Intersection-Union Theory of Color Mixing
- i T ‘,l ' - - - J7 .

Students familiar with the “new 'math" concept’ of set theory (union

s

and intersection) should be able to understand color mixing in the following

way. We start with the three basic optiecal EéiGTSE blue, red, and green.

N
Denoting them by the letters B, R, and G respectively, we will symbolize
what 1is ¢ommonly called "color addition" by the union sign "u, Therefore
1)

B uR 1is called magenta, B u G is called c¢yan and R y G is called

yellcy,_ B uRUG 'is our universal set U which is called white. As

3

we found by experimentation, color union is effeéted by superimposing

directly these spectra responses (by direct light). The "Pointillism"

phenomenon (and the color T.V. tube) eteéges the' same effect by jux

. . R ) - .
tgposing these colors in small dots. '"Color subtraction" which is observed

by multiple filters, pigment mixture, etc. corresponds to set inter-

section., Color wheel phenomena are then axplainad in terms of the laws of

set theory using the rules that B n G =B n R =R nG=4¢ (the empty

set) which we call black. -Thils means that when multiple filters of red

and blue are Cémbined,’na light is viﬁiblé since theirléﬁegtral diztributions
. : . =

are disjoint. For example, let us see what happens wﬁen vellow and cyan

pigmenﬁs are mixed. We obtain *the formula: (ﬁ?u G) n (BuG)=((RRnB vuaoa

(by a disgributive law of set theory) = ¢ U G = G so that green results,

- -

Note that union of white always gives white (since it is our universe) and

intersection of white with ‘another color gives that same color back.
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Y +

RU(BUG) =RUBUG

1]
=

(white)

while ) Z
Rn (B'u G) = (R nB)u (R n"ctjs) =¢u ¢ = ¢ (black).

. A1l other phenomona we observed have similiar set theoretic interpretations.

rd .




The Camera & The Prajeé%or‘

tn 1nvest1gate some cf the 1mage forming perErtTES of . a th1n

# PR

cnnverging Tens. T » -

A ’ara;usi a s1mp1e camera, optical bench with light source, hQTders, etc.,

two lenses: one long and one short focal 1ength 35 mm slides
as objects.

Introductory exercise: Set up an adjustable focus camera having a simple

lens, a shutter that can be hé]d open and a trans]uaent screen
at the rear where. the f1]m waqu norma]1y go Look at some
objects out the window and see how the 1ens ;OTkS to make an
1mage on the trans1ucent screen. Note that to view objects at
d1fFerent distances ynu,must adJust the 1ength of the camera box to
get a sharp focus on the screen (or film). If you have a 35 mm
camera or a good Polaroid camera, adjust the focus on it'aﬁd again
notice how the focus adjustment causes the length of the" box (the
distance between the lens system and the F11m) to be changed

Take a 35 mm slide and project its image Dnto a Tawge screen
using a prajector Notice aga1n how you focus the image < you
adgust the d1stance between the lens system and the 511de

Bath of these optical de;ices rely on lenses in order to .
form images. They are, in fact, 'opposite" instruments: one
takes an object from far away and Focuéés a small imageypntg
£i1m; the other takes an objeét nearby (the slice) and focuses
a ]arge image anto a screen fairly far away.

let us d]sgress briefly and look at the theory of haw 1én§es

Nwarlk ! FfFharn wa wiTT wakiivm da sl _

35.1
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Theory: A cgpyécgigg lens is one which igigﬁicker at the center than

at the edge and converges incident parallel rays to a real

P

focus on the opposite side of the iens from the object. A

diverging lens is thinner at the center than at the edge and -

diverges the Tight from a virtual focus on the same side of
the lens as the.object.

If parallel iight rays (such as those from the sun or
tho;e which have reflected off of a far away Dbject)!are allowed
to pass through a converging lens, the rays are ﬁeffacted and will
meet at a point. This point is called the focal point, Fl The

distance from the center of the lens to the focal point is called

the focal length, f, or focal distance

The principal axis of a lens is a line drawn through the

center of the lens perpendicular to the face of the lens.
The Tight rays are reversible. If a point source of . it
is placed at the focal point of a lens, the rays refract in the lens

and travel as parallel rays never forming a focus. They are said

s
i

to form a focus at infinity.
We view things near to us by the light which reflects off
of objects and this Tight is rarely parallel. Tt is sti]l possible

ta farne thoeca Timah+t waire debl = T oo Lo . . o
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To find where the image is located, we can draw a

ray diagram. The object has many light.rays reflecting off

- of it, some of which pass through the lens to create the image.
We can not predict the path of all of these rays, but two of
them we do know about. There will be one ray parallel to the
principal axis and it will pass through the focal point just
as the parallel rays from the sun passed through the focal point.
Then there is one ray that goes through the center of the lens.
It is essentially undeviated. Where these two rays intersect is
also where all the other deflected rays will intersect and a
focused image will be formed. h

Another way to find the image position is to make use of

the equation:

1.1,
Fooo T

where f is the fgcal length, 0D is the object distance and ID

nce, all of which were defiﬂed above. In this

experiment all OF these values will be positive.

Procedure:
1. Take a lens of short focal length (Scm;]Dcm) for a study of

simple lens phenomena. If you don't know the focal Tength of
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the focal length, f. (This corresponds to Fig. 1) Try this
by holdingthe Tens in one hand and the screen in the other,

but for accurate measurements support them on an optical bench.
Record the value of f, . ié*?""da”
, ] ", lens )
cardboard scre_ﬂL}' 0 “

2. Make some observations regarding object position, image position
and image size by using the lens you used above and setting up
the optical bench like this:

i 3-1

Homm

a) Place the iT1uminated object at a distance greater than 2
times the focal length from the lens (0D > 2f). With the
cardboard screen on the other side of the Tens, find the image.
Is ID

1) ‘tess than f (Ip = f)

2) between f and 2f (f ﬁ»fD )

3) ‘equaT to 2f (ID = 2f)

4) greater than 2f (1D 2f)
(Place an x opposite the correct value)
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b) Repeaffthe above observations for these values of 0D

and report your observations.

R S size of image
1 ?QD > 2f
2. 0D = Zf
3. 0D > f but 0D < 2f

(f < 0D < 2f)

¢) Can you see a pattern to what is happe%ing? If not, run
through it again until you do. -Descr&?e this pattern.
Eg@ggg - Thé' simp1est of small cameras use a single convergent
lens s1m11ar to the one you have been using. A more complex
camera uses several adjacent Jenses tgﬂreduce certain undesirable
éffects found with a simple lens. Fof our purposes, we can make
a replica of a camera with just the single cbnvergent lens you
have been%using. ‘

A camera takes light ra&s from an object that is fairly
faf away and focuses this Tight through a lens system -onto
film which is close to the lens. A good camera has some slight

adjustment to whére the film will be placed relative to the Tens.

a) I11um1nate aﬂfObJECt on one end of your optical bench- (say
60-70 cm). Ca1cu1ateg what thé image distance, ID, shculd be by
using the lens equat1cn and your values of 0D and f. Then find
the image on the screen and measure ID. Calculate the %-difference
between yDur ca?iu]ated value and your measured value. Do this

o e e et

for at least 1 diffarant nhiact di.
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to keep out stray light, a shutter to let 1light thrdugh

the Tens for only part of a second and film at the same

position as the screen, you wau1d be able to take pictures.

nge of you may have an Instamatic or a similar camera

. Which daes'no; Have,an adjﬁstab?: focus on it (i.e., no way
hs-ta vary the image distance.) Let's see how this type of

camera works.

b) Repeat the procedure in (a) above’at_]east«S times only

now use objects that are at least 3 meters from your lens.

- You may need to illuminate the object and turn out the room
Tights to see a good image. Use a metric tapekmeasure to
measure the object distance. Calculate what ID should be by
using the Tens equation and your valueés of OD and f. Then find
‘the image on the screen and measure ID. Calculate the %-difference
between your Ca1cuiatéa value and your measured value,
Compare the three ID's to each other and to the focal
length of your Tens. What similarities do you see? Do you see
- how a box camera Tike the Instamatic works? Explain.

Projector - In its simplest form, a projector is another single

Tens optical instrument. The illuminated object (say, a 35 mm

slide) is placed close to the focal point of the Tens (upside
' )

down sé that the image is seen right-side-up.)
a)} Place your optical bench several meters from 2 projection
screen. Record the image distance ID that you will use

measured from the screen to your lens on the optical bench.
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and calculate the %-difference between your céicu?ated value
and your measured value. Do this for at least 3 different
image distances.

If a projector is normally used a Tong distance from
a screen, a lens with a long focal length must be used to
-prevent thévimage from being too large and dim.

Most projéctors use several adjacent lenses to reduce
certain problems found with only a singje lens, but the effeét
is the same. »

Also most projectors use a Tens system called a condenser
to focus the light scurcé sckthét the Tight rays are nearly parallel
(actually focussing at the center of the projection lens)
when they pass through the slide. (Remember that this is the
inverse of Fig. 1 - the light source is put at the focal point

- of the Tens and the rays refract in the lens so that they leave

parallel te’the principal axis.) Mo;t projectors have a good
point source of light. Your source is an extended source so it is
hard to put it right at tthe focal point, but approximately at the
focal point will allow an optimum of Tight intensity on the slide.
b) Use your short focal Tength lens as a condenser and find a
lens with a Tonger focal length to use as a projecting lens. Place
the light source“at the focal point of the condenser lens. Place
the.slide to, be illuminated (ups%deadOWﬁ) just in front of the
condenser as shown below. Place the new long focal length lens,
f', in front of the object so that the object is just outside the
focal length, f'. Adjust the projecting lens until an image is

found on the large screen.
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This time assume a fixed image distance and use the lens
equation to calculate what your object distance should be.
Compare your calculated value to your measured value by

computing the %-difference.

Practical note: 35 mm slide trays can replace the optical
bench, and suitable lenses and screens placed in 35 mm card-
board mcunts,‘which can then be placed at the correct distance
in the tray. Such an arrangement has the advantage,thét it
can easi]ygbé he1d‘up to look through - as a telescope. The

" Edmund company. sells a complete kit of this nature.



The Camera & the Projector v

Ng;es to instructor:
"For the simple camera to show at the beginning of the lab, an

old fashioned bellows camera is perfect. Try to pick up, say, a Speed

Graphic at a surplus house even if you have to put your own lens in it.

You can purchase a "Simple Experimental Camera" from Welch for $17.50

(catalog # 3744A") or make a comparable one.

It is suggested that you use regular 35 mm slides as objects rather
than arrows, etc. The slides can be of "fun" scenes that you have taken
around cémpus or scenic slides from the Grané Canyon, etc.

You may wish to require ray diagrams to go along with the observations
or calculations. i

You may wish to include what happens when an object is placed at the

focal plane and within the focal point.
" You may wish to acquaint the students with a pinhole camera, perhaps

having them taken some pictures with it bybtime exposure,
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Mirrors and Symmetry

e

Introduction. The following set of four experiments are intended

to demonstrate the propergies of reflections and other symmetries. Applicati
to two-dimensional patterns (friezes, border designs, mosaics, wall gaper
patterns, etc.) are emphasized. The éxperiments could complement 1eccuresr
on variéus physical instances of symmetry and parity (e.g. crystallography
and elementary particle theory). Experimgnt I is geometric in nature and

its concepts are used in what follows. The other three experiments are

essentially independent. Some mathematical concepts (groups, vectors) may

i

¥
not be familiar to the student and are included in a separate appendix.

Finally, a short but useful and interesting bibliography is given. Suggested

exerclses are lettered in each part.

I. Isometries.

Equipment. One thin semireflecting surface (a 4" x 4" x 1 mm. glass
plate will do) supported by two small stands to keep it vertical (small plece
of wood with a 1/2" % 1 mm. groove cut in each can be placed on the bottom of

the two vertical edges of each plate). Protractor. Compass. Thin cardboard.

% . R
Discussion. 1. An isometry (or rigid motion) of the plane is a mapping

* transformation which assigns to every point in the plane a unique point

(called its image). An isometry preserves distance so that the distance measu

between anv palr of points is the same as tha Alatanca hakwamn Fhads dmacac
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. 8chool geometry to draw equal distances) that when the images P' and Q'

36 1.2

e ’

(a) Show by examples using a compass (which can be used as in high-
of two distinct points P and Q of an isometry are given, this uniquely
determines the image R' of any other point R on the line joining P
and Q and that R' 1lies on the l{ne joining P' and Q'.

(B) If another point S does not lie on the line joining P and
Q show that there are precisely two possibilities for the image S' of 8.
We will see that there are (many) isametries which can take a given point
P to some other given point P', |

(c) 1If an isometry takes P to P', what are the possibilities for

and the distance

P}

the image Q' of another point Q? (Hint: Use your compas
preserving property of isometries to answer the above three questiong)
(d) Show that if we know the imag%§ of three distinct points (not on

a line) P, Q, and R then we know the image of any other point.
This shows that an isometry is determined once we know what it does to
(the three vertices of) a triangle. By laws of Euclidean congruence we may
consider isometries as the sliding or flipping over and sliding of a
triangle. Thus the image
of a triangle with vertices A, B, C is a congruent triangle (one which
may be superimposed with the original. triangle either flipped over or unflipped).

Cut a small triangle out of this cardboard and label one side D and its

vertices A, B,.and C in clockwise order. Turn the triangle over and label

[e]

abel the vertices on this side the same as you did on-

[
[

the other side 0.

fir

the other side (so that A, B, C will now read counterclockwise) .

2. An example of an isometry is a reflection (through a line L). A

reflection through I can be realized by mapping each point P through L
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The distance d (along L') from P to the intersection of L and L'

istance from that intersection to P':
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(a) What 15 the image of a point on 17

A reflection throuah L can be performed by placing a thin vertical semi-
reflecting (glass) surface along L. It should be thin to decrease the ambiguity
of the reflécting'plané. Look at the glass on the same side of a point P
until vou can see tht reflected image of P in the glass. Then look through
the glass and put the image I'' on the other side of L at the point where
you see the reflected image of P in the glass. 1In fact the image of any
pattern you can see refloected in the glass may be transferred by the same

method,
(b) Reflect your name through 1.,

(Note: The vertical glass is a1 usefyl
gecmetric tool fin general. Normals to curves through a point P may be

L]

reflection of a small portion of th

m
m

found by adjusting the glass so that th

turve on one side of ' is superimposed on a small portion of the curve on
I P

the other side of P. Then the normal through P can be drawvn by tracing

i)

il

along an edge of the glass. The tangent act P can then be drawm.)
(¢)  Find the fmives: of rwo potuts P and ) when reflectéad through
L by the method outlioed above and by measaring distances verify that

reflection io on iacomat o
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(d) What is the inverse o

]

2. Draw two parallel lines L and L', They will be parallel if

rd line L". The distance between L

it
[

they both make right ;nglesfwi h a th

and L' 1is then defined as the distance between their respective inter-

sections with L"., Take a point P and find its image P' reflected

Perform the above composition of reflections with another point Q on the other

side of L from P. Draw the line segments PP" and QQ".

(b) How does the direction from P to P" (and Q to Q") compare
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from L to T.'.
R .

(d) How does the vector PP" compare with the vector 00",

This type of isometry (thie composite of two reflections through parallel

; cach point by a fixed vector wv.

(e) Trace your triangle ABC  and its two images obtained by reflecting

through 1L and then the image through L'. Describe directly how the image
of the tfiaﬁgl& has moved ta 4rs final image,

above with the one you get by

,.
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(£) Compar. rhe transiation constr

first reflecting through ' and then fhrough L,

&

In this part we will assume 11 angles are measured in a counter-

"

clockwise dirvect v, Drow too Vigee L and L' which interseet at a point
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0. Measure the angle 6 from L to L' with ‘your protr é tor. Take two

la

new points P and Q on Opposite sides of L and as in part 2 reflect tﬁem

Dbtéiﬂiﬁg P"g";'gnd Q";

Measure the distance of line segment OP and the distance OP", Do the
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nces 0Q and 0Q'". Measure the angle ©' between OP and
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OP". Measure the angle ©" between 0Q and 0Q'r.
(a) Compare the four distances you measured and the three angles.
(b) Compare the distance PQ with the distance P"Q".
P

A rotation about a point O through an angle g is the mapping

isometries and are given bv the composite of two reflections thro gh inter-
secting lines. .

(¢) What is the ianverse of a rotation aboutr C through an angle g?

(d) What is the composite of two rotations both about O through

\‘—"‘
r

le, be parallel, or intersec

(in a point). Dy the above two parts we may now conclude that the camp site
of two reflections is therofore either the identity, a translation, or a
rotation (respectively). “

¢ it labeling the three vertices

4. Take your triangle ABC and trac z

on the paper. Slide (without flipping) the triangle to a new position and
trace ABC in its new position labeling those vertirns A', B', and C
regpectively. VWe lknow that this motion defines a unique isometry. Place

the vertical glass widway batween A and A’ perpendicular to the line

[

.ﬂ
ur

AAT (or on the point A 10 A = AT it this s done accurately the gla

[5]
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& (a) Describe what has now happened to vertex Al? To vertex Cl?
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and 3 and (a) above explain why the result of élidiﬂg

a triangle is either a translation or a rotation, -

¢

5. Starting with triangle ABC reflect it in some line, labelin

(a) Describe the imapas A B C

T
Im

k

he isometry composed of the ahove reflections could have been performed by

sliding ABC (keeping its D side up) ox by flipping ABC (to its 0 side) and

then sliding. S

(b)  In general what is an odd number of reflections?

rientation,

(¢c) Which of

coppostitions are direct and which opp dte?

Now trace ABY oo the Dapoer

b < CHIp Te oover po ies 0 side and slide it to a new
i o

itfon labeling Ul cosiee: Ve vort fiwa AT

o
o
=

. o and O, Perform the same
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Does vertex A_E‘ cainci’d%with A'? Do
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with vertex C'7

2272 22
. correctly, -“;ABBSC3 should be identical with A'B'C’'.

" ‘ Reflect A.B.C, in 1ing A_B, abtéining ABBBCBi {ﬁ you did this

(e) Why can it be said tha£ any isometry in the plane can be realized
as the composition of zero, one, two, or three reflections? Which of these
are direct and which opposite?

The isametr? which needs no reflections is of course the identity
while those which need.ane are the opposites,

(f) What do we call the isa%etfies which need two reflections?

The isometries which ﬁeed three reflections can also be peffcgmejeby

a translation along a vector v followed by a reflection in a line parallel

t

o

_ Vv, :These isometries are called glide reflections. TFor example, on a
typewritten line, the letter "b" can be taken into the letter '"p" to the fiéht
of it by a horizontal glide reflection.

In conclusion we héve shown that there are faug types D% isometries

s and translations)and

ol

(in addition to the identity): two direct (rotatio
two opposite (reflections and glide reflections). Isometries may be composed

rse. They form a group (see the appendix).

]

and each has a unique inv
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II. Reflections in Space.

Eguigpent; A mirror (as large as possible). nggbinged mirrors (}' % 1' mirror
ccnﬂegted.baék to back by a cloth backed tape so that they may EEnDPE;Ed from ‘
0° to 180°). Protractor. Transparencies (e.g. for an overhead projector).

Discussion. Isometries in space are alsa‘(spagial) distance preserving

- ﬁappingsg Reflections through a plane (mirror) are a pérticulaf example.

1. Look into é mirror. Wink yéur left eye, etec.

(a) Describe as best you can what you are seeing.

Write something on a.piece of paper and reflect what you have written.

(b) Describe this image. Does the mirror reverse the directions up
and down? right and left? ®

Tilt your head 90° to one side still looking into the mirror.

¢ (¢) Would you now say the mirror reverses up and down? right and left?

Write something on the transparency. Hold the transparency in front of
you and compare the view that you have of it (through the transparency) with
the mirror image which you see.

’ (d) Describe againlﬁhat directions are reversed.

Assume the mirror is against thenorth wall of the room. Label the other
walls east, south, and west appropriately. Point up and observe which'way
your image p@iﬁtsg Do the same for the five other directions (down, N, E;

8, and W). Point in other directions such as NE.
(e) Record how tﬂe mirror changes each of these directiens.
(f) What are the apparent coordinates of the image of a point
with coordinates (x,v,z) where x is the distance into the room from the
“north wall (so that negative values correspond to points beyond the wall),A
s s S e lm s S e
Q
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Write the word "Physics” on a place of paper. Reflect it in the
mirror. Now take the piece of paper and tape it to the.mirror so you
can see the word.

(8) Record the difference between the reflected word and the taped word.
Note that when you taped the paper onto the mirror you had to turn
the paper around in order ‘to see the word.: How did you turn the sheet?

How else could you have turned the sheet to make the other side visible?

made through a vertical axis rather than some other axis (like a merry-go-round

ingtead of a ferris wheel for example) so thét top and bottom remain in

the same position but front-back and left-right relationships are réversed?
Think about. the phenomenon-of apparent left-right reversal in a

mirror by the psychological preﬁérence for comparing a mirror image with

the result of '"walking through the mirror" and doing anlabcuﬁ face.

(1) How would you describe mirror reversals when compared with
wglking through the mirror and tufniﬁg:argund by doing a headstand.

It is fair to conclude that what mirrors in fact "reverse" are
directians perpendicular to the plane of the mirror, so that they reverse
front-back but they reverse neither top-bottom nor left-right relationships.

2. Make a triangle and label its vertices. Note that in space
there is no problem in "flipping" a triangle since we are not restricted to
a plane (wheré we would need to take the t;iangle out of the plane to

turn it over). It is appropriate to imagine the triangle as having no

thickness so that labels on the vertices should be visible on both "sides"

b

(a) Can the triangle be superimposed in pace with its mirror image?

Now make two tetrahedra which may be superimposed by cutting out two

congruent scalene triangles (with the same orientation) and folding up
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c. to ¢" in the following picture:

]

Label the four vertices of one and label the vertices of the other in
the same way so that the tetrahedra can be superimposed. Reflect one
tetrahedron in the mirror. (You may not be able to see all four vertex
labelsjbut you can see three and know what the fourth label must be.)
(b) Can one tetrahedron be superimposed on the mirror image of
the ather?!
Take a?art one of the tetrahedra and reconnect the same edges of
the triéngie but fold in the other éifection (i_e; down or start with the
triangles oppositely oriented before folding up their resﬁéctive sides};
gc) Now can one tetrahedron be superimposed on the mirror image of

the other?

M

Two shapes in space are termed QDﬁE;uéQ; if one can be superimposed

on the other or on the other's reflected image, In the former case

(as in the plane) they are said to have the Same orientation or parity and

in the latter case, opposite orientation. This distinection is very

important in the theory of particle physics. Reference [7] is a very

readable account of physical parity; [9] is rather more technical. Similar

distinctions make it hard to put a left-handed glove on your right hand

(unless you turn it inside out) while the notion of a right-handed monkey



(d) Make up and pét%qrm your oﬁn éipéfiﬁéﬂtsvwith pafity} For
éxampie, étudents with a musiecal backgraund can Imagine rgflecting the
keyboard of a piano in the mirrar When this is dane what!do the notes
of a reflected C major chord lock like ‘(1.e. when you play thcsevnotgsg

as in the diagram béluw)?
what chord does iE look ike the ha in the reflection is playin%,\ Angwer

these questions for majnrzw7th and minor 7th, diminishgd 7th, and augmented
5th chords. Note that if, f@r example, one major chord is reflected to
a minor chord then every major chord is reflected to a minor chord. You

should be able to understand why this is true from Experiment I above,

since any major chord can be viewed as a translation of another.

|

Reflection Plane

3. Place the hinged mirror on the table with the hinge vertiecal
and observe what happens to the multiple images of your face as you
increase and decrease the angle between the mirrors. For example, wink

your left eye and observe where that eye appears on each image. Using

your protractor make a 90° angle between the mirrors. You should now

be able to see your image in the combined mirrors with the hinge vertically
bisecting your face,

(a) What directions are now reversed? Ig your image of the same or
opposite parity as yourself? Using the ideas in Experiment I explain the

ransforms you to your image.

¥

. space isometry which

(¥

Now measure an angle of 60° between the mirror
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1images are direct and which are opposite. What mation in the plaﬂé of

N o 73 2.5
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(b) What do you observe? ; A X
Place some iz}éﬁis randomly on the féblg betwéen the mirrors.
(c). Describ how to make a kaleidgs;ape; As you see the objects B

reflected in images which seem to cirele S%@und the hinge descfibe whi:h
, .

the table have produced each of the images you see?

Anchor one of the mirrors and place a (rectangular) sheet of paper
along (or ‘draw & perpendicular line to) the side of that edge. From the

top, the set up should look like the following: ﬁ%‘x

Rotating the Ggﬁer mirror, observe the images of the sheet (actually you
only needfto observe one edge of the sheet perpendicular to the mirror).

Cd) Describe how to make an angle of 60° using the hinged mirrors
(without the protractor).

(e) yHow is an angle of 45° obtained? Check your answers with a

(f) What other éngles can you find in a similar way?

(8) If you wanted to make a kaleidoscope which showed exactly four
other direct images of the region-between the mirrors how large would you
have to make the angle? How many opposite images would there then be?

(h) Does moving your head around and viewing the inside of the mirrors

from different positions affect your result?
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[l, 3, 5, 6, 8, Eﬁd‘lﬂj or other exampleg Qf symmetric patterns! VErtiéai

sanifeflecting mirrar (as in Experiment I) or standatd squarg mirrargFacili§ies

=
..

to make tfansparencies (E g£. Xerox 4000 Eopief) of the illustratinns in the
3

above references. (D tional: Two identical 35 .mm., slides of the ‘above -

1llustrations and two slide projectors.)-

Fa
Discussion. 1.  For our purposes, a pattern (of the plane) is ébtainéd-

when gome of the points are culnred differently from others (this 1s a rather
fancy definition of "pictur’"‘Of "design" but the concept of when two points
are in regions of the same color will be an important one). Allowing one
color to dgnoté those points not otherwise colored, we note that any figure
such as a drawn circle is a pattern. A symmetry of that pégtérn is aﬁ
isometry which preserves the pattern in that points are mapped to points of
the same color. It is easy to see that the symmetries of any pattern form

a subgroup of the graup of all isometries called the symmetry group of the

pattérn; In fact the group of all isometries is the symmetry group of the

\m‘

(uncolored or uniformly colored) plane itself. It is a consequence of
Experiment I that the three vertices of a scalene triangle (or the triangle

itself) viewed as a pattern has a gymmetry group consisting of only the

identity. We call such patterns (or figures) agymmetric.

(a) Describe all the symmetries of a point (i.e. one point colored
differently from the other points in the plane).
(b) Describe all the symmetries of a line. Hint: Mentally review

the symmetries (reflections, rotations, translations, and glide réflectiﬂns)
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(E} What are the sgmmetries of a regular palygan (equal sides and
aﬂgles)? a regtangle (which 1s not a square)? a circle?

(d) Why can't a translatian or glide refleztian be a symmetry of a
finite pattern (i.e. one,which does not extend indéfinitély)? _

If a pattern has at‘;east one reflection in its sy@metry group it is |
said to have reflective symmetry, if it has a rotation it is said to have

=

Totational symmetz

(e) For the capital letters (in the Dorie style,withput Beraphs) Whiﬂh
have rotational and which have reflectional symmetry? Which seven létters ‘
are agymmetric?

Every s ymﬁetry group of order two contains the identity and one other
isare y (which must ﬁhefefafe be' its own inverse).

There are two quite differént symmetfy groups of order two: one con- °
taining a reflection (and the identity) and one containing a rotation of 1805
(a half-turn). 4

Three predominant themes in art are the frontal view human £1i igur
the (Latin) cross, and the Yin-Yang symbol (as on the Korean flag).

(f) What are their symmetry groups?

(8) A swastika has what kind of symmetry? What is the order of its

symmetry group? Generalize this figure to a "three-branch swastika" (such
as the arms of the Isle of Man, the "legs of Man") a "Five-branch swastika",
etc. to obtain a pattern w1th only ratat1ona1 symmetry whose symmetry group

has any specified order,

2. A discrete (or non infinitessimal) symmetry group is one which
has a shortest translation (i.e. some distance such that no translation is
through a shorter distance). 1In addition, for any point P, the subgroup

which maps P into itself must be finite, In other words, there is a



Emallésé angle for rotation. Nute that the’symmetry gr@up itself need not

be finite. For example, the Eymmetrieg of an infinitely lang sequence
- of dashes: —=~--—=--- hag an infinite number of translations (and an -

infinite number of reflections) but one shartest trans'latlun (the d1stance

T

from, say, the middie of one dash to the middle of its neighbor) ..

b For the remainder of this experiment all symmetfy ‘groups will be

discrete WE will be ra;hér imprecise about when two dif%eggit sym@etry

n\

groups (or their patterns) are "essentlally different". This should
cause no undue ﬁfcblam once we have experimented with various patterns and
’becaﬁe m're familiar with their symmetries. Ig is our gn§1 to distinguish
between diffefent patterns and -recognize similar ones. Wé%ﬁ%}l stakt with
patterns which are subsets of a line C;he simplest case) and go on to those
which are subsets>ef a strip and finally treat the general planar case,
Here afé some general criteria to apply when classifying patterns:
QLWhgn)two translations have different directions, their respective
lengths and the angle between them is not important in deciding if they
are egsentially different patterns.
However, the (gmafiest) angle of a rotation (about a point P)
is important as this determines the number of possible rotations about P.
For example, if that angle is 60° there are exactly six rotations abéut P
(including the identity). Here are some other considerations which will
lead to distinguishing patterns.

Which types of symmetries are present (e.g. are there glide reflections,

tc.).

0]

What is the largest order of a subgroup which fixes some point of the

pattern.
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How the directions af the traﬁélgtians7interact,with lines of re-

L 3

flections or.directions of glide reflections. Similarly, do reflection:
lines go through centers' of rﬂtation?
: ?hether the pattern contains glidé reflections without containiﬁg

the translation (glide) from which it was formed.

Briefly, it is the interaction of the symmetries of a patterﬁ (theirr e
group structure) which is more important than the pattern itself,

(a) As we have seen, only rotatioﬂg and reflections can fzx a point.
Using the results of Experimént I show that these are essentially twyo different
patterns with a smallest rotation of 360° /ﬁ ‘for each value of n. Wg
will call one pattern the n-pronged swastika pattern and the other the
regular n-gon pattern (where a 2-gcﬁ{can be though of as a line or a
rectangle). Which pattern is similar to a star?

(b) Which patterns are similar to the following:

3. There are only two patterrns on a line: the Morse code message
consisting of a's (dot dash space dot dash space etc.); and the Morse code
message consisting of e's (dot space dot space, ete,),.

(a) Why are they essentially different patterns?

Note that'on a line
we cannot distinguish between a reflection (though a line perpendicular

Fa kha T4 -3 _ L a5 Fos
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(b) Which pattern (a or e) 1s that foEEd by an.equal spacing of
dots which alternate in colots red blue blue red? red blue blue? red white

blué?

‘-

4. The patterns encountered in the remaining parts of this experiment

will be a bit more difficult to snalyge‘ To aid in their analys;s, the
& . N .
‘ following procedures can be fallnwed The pattern can be Xeroxed and a

transparency ccpied from the same original. Reflections can b tected

m

by a vertiecal mirror éf by the vertical semirefl cting surface as in'g
Experiment I. Reflection lines can then be labeled. Rétatiﬂns(and séans—
lations can be detected by usi?g the transparency and sliding it along

the original until the patterns line up. We then observe that unless the
‘traﬁsparenéy is slid keaﬁing its sides parallel to the original, a fixed
point will occur, thereby indicating a rotation.  Glide reflections can be
detected by flipping the transparency and moving it around to see if the

patterns can then be made to coincide. An alternate method (more useful

for demonstration purposes than for individual experimentation) is to

=y

o

ocus two slide projectors on a common screeﬁ and to supe:impcsemtheir'
]

images after one of the projectors has been rotated, translated, ete,
Reflections and glide reflections can be discovered by following the same
procedure after one of the slides has been flipped.

(a) What symmetries must a paﬁtern héve if it doesn't matter how a
2" x 2" slide of that pattern is put into the projector? How many difféfent
ways can it be put in?

We will now explore the strip patterns (or frieze patterns). These

are patterns which may be placed on an (infinitely long) strip. They all
contain translations but these translations are only in one direction (parallel

to the length of the strip). A concept which is important is that of a

z
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-+
(design elements)

basic characterflof the pattern, as the pattern is formed from a sequence

of nonoverlapping translations of this region. . Fundamental regions are not
unique. For the a pattern in part 3, the pattern '"dot dash space" (+="")

) ia;gffundamental region.
s TP .

= ga - B ) -

6%)3What other fundamental regions generate the a pattern?

W
g
|

Ihéte are seven basic types of strip patterns. We will name them by
using the mnemonic device of using words of (lower-case) letters which
form their fundamental regions. For example, the pattern named "pd" is

~ the pattern formed by the infinite sequence ,..pdpdpdpd.. .

The pd pattern is exemplified by the pattern:

The seven patterns are:

N

Lol ]
o W

pd
4
pdbq

(a) Explain why pb iéﬁdifferent from pd. Why is pdbq different
from each of the others? ‘ \

(b) Name the pattern formed from a string of (capital) N's? M's? 0's? And
a zigzag?

(c) Classify some selected borders of Greek vases in raference [3]:and
find a fundamental region f§r each. Can you find all seven strip patterns?

5. There are 17 wallpaper patterns (1.e. patterns in which a finite
fundamental region can fill up the entire plane). All these patterns are

characterized in that there is a shortest translation and a next shortest




*are\gompositions of these translations (and their inverses). A parallelogram

with adjacent sideé formed from these fectara_gives a fundamental region
although)other shapes are possible (e.g. in Escher's wéfk), This fs the
: 7. first time we will encounter rotations (other than halfsturnﬁ) along wiib
ﬁtranslatiunsi By the very important "c rystallographie- réstrictinn " the
only smallest rotations which are possible are through angles of 180°, 120°,
90°, and 60°. This restriction is inherited by the erystallographic:spple
groupa. In Experiment IV we wilegain some insight why these are the only
angles avaiiable.

Agéin we will name the seventeen patterns mnemonically but we refer the
studen#fto [2] for a more esthetic’display of these patterns (we use the
same a&%e: as [2]) and to [4] for their crystallographic names. The patterns
are grgﬁped as to smallest fctatian!f | -

Recall that there are three tessellations (tilings) of the plane with
regular polygons: triangles (as on a geodesic dome); squares (a checker-
board) and hexagons (a honeycomb). They constitutea starting point for the
last eight wallpaper patterns. In particular, if we fill each polygon
(for éxample triangle)with (thféé) pronged swastikas going the same way,
we say we have the oriented (trilangle) pattern. If the swastikas alternate
in ElackwiSEa-cauntefclackg%ée directions we say we have a doubly oriented
unoriented (triangle) pattern. Without swastikas we have the triangle pattern.

The first two. cases are illustrated below:

=il
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No rotations:

\

3
[
]i(

(horizontal)
(vetticél)

180° rotations:

#

120° rotations:

90° rotations:

- Here;;séghe list:

P (i.e. a pa:allalagram containing P 1s used

to tile the plane). -
oT (a square containing OT 1s used, however .
TO the fundamental region is simply TO),
Pq (or ), 7
* v
P (
q

oriented rectangles,
doubly oriented rectangles (the "brick pattern™),
(unoriented) rectangles (Eg)j

pd

bgqg .

Pb
qd .

oriented triangles (we must not allow 60° rotations
threugh points where 6 triangles meet so imagine the
triangles are alternately colored with two colors). .

(unoriented) triangles (in two calors as above),

doubly oriented triangles,

oriented squares,

(unafien&éﬂ)_squatesi

doubly ‘oriented squares (the "overweave- underwea’ e pattern),

oriented hexagons,

(una:iented) hexagons,

(a) Why don't we have a déubly oriented hexagon pattern?

(b) What distinguishes the three different patterns with 90° rotations?.

(e) Which is the pattern formed from anm infinite two-colored checker-



(d)

(e)

(%]
(s
%]

Classify some selected patterns in [5], [6], and [8] and find
a fundamental region for each.

Make up your own pattern for each of the seventeen classes.

a4
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IV. Reflection Groups

Equipment. At least sixteen 1' x 1' mirrors. One mirror 17" = 1",

Glass cutter. (If it is not feasible to cut mirrors ourself, have 10
] ¥ — _ n - - 5\ . o
1" x 1" mirrors, four rectangular mirrors of length 1' and widths 6', 10.4"

\]ﬂ

8 1/2" and 8 1/2" respectively: also tria angles formed from a diagonally cut

1" x 1" mirror and a 1' x 17" (rectangular) mirror. Styrofoam cube (with: 6"

side) . Extra mirrors. Heavy duty clothbacked tape at least 1Y wide.

group generated by a set R of reflections if every symmetry is a compositio

of elements in R. Equivalently, thi

of patterns, this means that if we take that part of the pattern botinded

by the reflection lines associated with R, and look at that part of the

pattern and its reflections in mirrors placed on those lines, the whole
pattern is visible. ¢

Two simple cases of reflection groups have already been ohserved. One

of them is the familiar "barber shop pattern" as you see yourself multiplvy

~
[y
=y
jo—
1
ﬂ
\]Tl‘

d in two parallel mi{rars.

]
1T

(a) Which of the seven stri p patterns in Experiment TIT, parc 4 is the
barber shop pattern? Which Morse code pattern is 1it?
The fundamental region (as described in Fxpeviment TTTY of 4 veflect oo

group is not the rveglon between the mirsors (in ghe barbor shop pod term it 79



tw;ée as big) since
only. We will call this smaller
Another example of a
) polygon (Experiment IT1, part 2).
(h) What is the fundamental reflectic
Evidently, two refle tions o
or the symmetry group of a
at least three are
When three
_ (¢) Form u triangl~ with an
"above and observe the paii: o
’ 2. Foot wirror
»odToups in kBxperiment 171
cut mirrored squares to the proper
external sides with tape.

"Warhor
Mhids 1o rhe
connect tov o orm Lhe

into the pattern this foves. A
of the four "leps" of the oL

ERIC
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25 the pattern by translations

a regular

mmetry grodp of

region of such a pattern,

onlv Lhe shop pattern

~
Ta creare a

wallpaper pattern

in . triangle in which

fied

1..u~

e

1w
=

- o Why ds Trouot o discrete svmmetry group
aounit, we will create all the sviimetry

futtection cronpe,  Our method will be to

Ehen

Sfearions conne

st her

s Lo mlFror aned

BOUATes

P ok reci caple Cor o naunrs) ., Loolk
divtenia !l rov oot ion revion ig then e
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0f the seventeen wallpaper groups, four are reflection g

least three mirrors are hecessary at least two of them must intersect and

3

mirrors must meet at a 90° angle., In fact all angles between adjacent mirrors
must be 90°,

Make an open rectangular (or square) hov with four mirrorad side:

‘u;"]
—
o
o)
rr
=g
i
rt

they all reflect into the middie 'of the hay) .

(b) Which patteri did you create? What part of its gpnemonic name forms

& fundamental reflection re

W

i

[t
D]

pas

(c)  Create a design and sketch the pattern created when that de

 3/2 % 1004 and angles 307, w09, 907y,
Observe as you did before the three patterns formed,

s . - .
cases whalt pattern Jid vou ereite?  Tor ench how

do fundamental reflection regions connoct into one Fundatontal rogion?

‘e)  Draw fundamental roilecticn regivas tor The patterns in Fxperi-

ment IIT which von classiticod . rotleetion Brulipg.

; oo Im zrystallooravhe, e

groups ol threc-space) dve St desd s Uhevoan e co e aoventeen ansentlially

f

e PR B Cot S N S A R R

dirrerent gymumeetr oo whibo0 i

up space . Weocont el v o s s S I T S I R AT SRR
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The analogy of the unoriented ructanzle pattern in three-space is. the
unoriented box pattern. (A pile of bricks with no verlapping). Make a

—
o]
=
el
T
=]
[
a1
]
a
" ]
3
[

ol
[
Tt
I
el
H
r

on

the top with a small opening so that you - m See inside. Put a flashlight

inside and observe this‘zhree=dimgLsiQn§1 ‘ttern. We remark here that

this illTusion was created on a mamm th - 4t the "Labvrinth'" exhibit of
the Montreal 1967 ! - ‘e wils now o, ve the additional SYmmEtrléS
which result when we consider rhe symmetries of a cube (and not, as above

six of which inter 1ange cnposite edges) .

™
img
-
1T
e
T
e
T
[l
i
o
L
Tl
i
o
ini
1z
Ity
rt
o0
[
o
m
I

(a) Describe how those planes intersce

Whera. do. they all, intersect each other?

These reflections and their compositions generate 48 distinct isometries
which take the cube 24 0f thom are direct in that they ean

ba Note that any one
of six adjacent faces

and their dnterastions coan be bast

Ctyratoam cube (with a band saw) along

reflection planes. The student should note L%w similarity between symmetries

in three-gspace of a cube and rhe SYMMe Ly {os (*f the plane) of a4 regular

: I .- 1 e VN f L s
olyeon, nall of them can e reglived by rotat ions, l'his 1is
polyH i )

true in general. Uhen all the cuts have Foen sade the cube s cut np into

48 congruent fggiuug) cach o of whiich 1= o bundainenial recion ol the cithea,

(a)  sShow that a DoodiimenLal e o oo Ehee etipve do o Teure s ided
pyramid (LEC[dthTHH)i I S T T S o TS T B P T S S
O
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formed by 1/8
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of the ahedr

tetr

When we make

Wit

[
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\H ) 3
tape ase - - ,4£§§;?

Expl

triangles).

3

How may reflection planes will there

(d)

reflectiao How many ways are there

three space? (The other holi of

the tetrahedron’s wirror finge 0 (0 Foperfaen

O
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these simultaneously

triangles together as below we obtain our f

ain what happens when this region is seen through i

tangle of dimensions 1' x 17" (mo%e

u

[

ndamen

te

i

How many fundomental

ratiate

i

h

).

a tetrahedron

in

tho isometyics . correspond to rotating

)

11



TWO VIEWS OF THE MIRROR CUBE

OVER PAGE
ESCHER PRINT, TO BE USED WITH MIRRORS TO SHOW
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Appendix. A group is the mathematical term for a set of elements

(e.g. real numbers) and a composition (addition in our exam ple) which assigns
to any (@rdefed) pair of given elements a third (nac>necessafi1y distinct)
element (an addition table). 1In general (unlike addition) two elements

will compose to give different elements depending upon in which order
they are composed. The group must possess an identity element (zero) which
when composed with any element in either order gives that number in the
composition (0O + 3 =3+ 0 = 3). Also every element must have a unique

lement to give the identity

m

inverse (its negative) which composes with the

3+ (=3) = (-3) +3 =0).

Another property enjoyed by a group is that of associativ’ rch in
its simplest terms means that a str ng of compositions may be -_iiated
by composing any consecutive pair of tewms thereby shortening .. chain
until éventually one element results (so that 1 + 2 + 3 can ' evaluated
\
as 3+ 3= 6 or as 1+ 5= 6). This means that any choice . consecutive

t

ms may be chosen first so that unless otherw ise specified one may as

well compose "left to right" so that 1+ 2+ 3 + 4 =3+ 3+ 4 6+ 4 = 10.

m

A subgroup of a group is a

using the same composition. An arbitrary subse?\is a subgroup if it contains

ubset of its alement
(8]

) % . A .
the identity, inverses of all its members, and the composition of any two

of 1ts members (including the com po SltlDﬁ of a member with itself).

i)

The integers (...-2, -1, 0, 1, 2,...) are a subgroup of the real number
(using addition as composition). Other groups include the nonzero real numbers
with multiplication as composition. The rositive real numbers are then a

subgroup.
Vectors im the plane are directed line scgments (or "arrows") and tw >
2
vectors are considered the same if they point in the same direction (l.e. they
] -

ERIC

Aruitoxt provided by Eic:



O

ERIC

Aruitoxt provided by Eic:

: 36 A-2

are parallel with their heads facing the same way) and have the same length.
This gives a 1 - 1 correspondence between vectors and pairs of real numbers

with the pair (x,y) corresponding to the vector whose tail is at the origin

.

of the Cartesian plane and whose head has coordinates (x,y). Vectors form a
group in which composition is vector addition. Vectors v and w may be

added either by "head-to-tail" composition (i.e. superimposing the head of

v with the tail of w and considering a new vector with v's tail and w's

head) or by adding their first coordinates together and their second coordinates

together. The identity of the group is the zero vector, the unique vector with

zero length. The inverse of a vector is the parallel vector of the same

length which faces in the oppdsite direction.

As a result of Experiment I, the isometries of the plane also form

a group and the vectors can be thought of as a subgroup (of translations)

[

f this group. Isometries and translations (vectors) in three-dimensional

space also form groups.

$
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ADJACENT COLORS

A number of books treating the phenomena of adjacent colors and
va;ieﬁs colored foregrounds and backgrounds are familiar to those in-
terested in physiological optics (1, 2, 3, 4, 5).

More extensive treatment of certain effects are to be found in
the works of some artists (6, 7, 8, 9). These books ordinarily contain
somewhat better color plates than those ﬁentiqned in the first pa%agraphi

The observations outlined in Josef Aibérs "Interaction of Color"
can be a student experiment (especially Chapters X through Y).

If desired the relatively inexpensive soft cover edition can be
considered a piece of laboratory equipment. Some may wish to supple-
ment this with material from references an through five or other
sources.

If your institution has the kit Albers: Formulation, Articulation;
it constitutes experiﬁents in itself. However, the fact that it was
printed in a limited edition and its 1973 price of $2,000 may bring up

some obvious problems about using it for student labs.

37.1
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The Human Eye

(enco has for some years sold an optical model (not physiological

model) of the human eye. The associated experiment is instructive
and popular with most students. In short the expe "~ 10es somewhat
like this. (Figure 1) The water filled tank rep 2 fluid

filled eye and C is a Tens let into the side to repres..iw the'corneag
a white circle painted on R represents the retina. ‘(the fovea centralis
and blind spot are marked). J
A set of lenses is p%cvided;By*p1aciﬁg a lens (répresentiné the
crystéTine lens) at L distant objects are brought to focus on R.
Accommodation js illustrated by bringing closer objects into focus
by placing a lens of greater power at L. ,
. Visual defects may be simulated by lengthening or shortening the
"eyeball” by moving R forward or backward. These defects are corrected
by pTacing\a series of specta§1e lenses at S and observing what type of lens
corrects wﬁét type of defect. {
ftigmatism is simulated by placing a cylinder lens at L and correcting
the effect by rotating another pTacéd at SEF%
| \arious combined defects may be Simu1at§; by the combination QF 1enses_

at L. Questions of varying degrees of sophistication may be asked.

h spite of its popularity the present price > $100.00 for the eye

model and lenses and __ ™ $30.00 for the Tight source sometime prohibit

;its;use because of the one-experiment-only nature eye model and lenses.
This note suggests how we can asséﬁb?e an eye model from readily

avatlable materials, the total cost of which (aside from the contents of

the”"tin cans) did not exceed $20.

38.1
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38.2
) Ahole for a corneal lens was let into the end using a chassis
punch (drilling or snipping is 0.K. but leaves less even edges). The '

lens used here was a plano convex 1ens + The

lens and 1ts supporting tgbe*Were fixed in place uéing "5 minute" type
epoxy. The general égnstrustion details are marked on the diagram.
& "the inside and outside of the can were painted with spfay'fiat black - ggif

enamel and the cornea with spray epoxy white enamel. They seem to.adhere

- well to a cleaned can surface and have stood up well after being immersed

)
in water.

] e desigﬁ*criterian for the corheal lens- is that it brings distant
objects fo‘a focus behind the rearmost position of-the retina. Possibly
eben;s]ighti} outside the can. _ '
_ Yitable lensés were obtained by caiiing an optometrist, explaining *
the educational nature of the braject and haviﬁg him ebtéin the lenses. .

Some (though probably ndt al1} lens manufacturers are reluctant to .sell

to "lay people" , -

A B

'he se1ect1on.ﬂf ¥ lens for the cornea is the only cr1t1ca1 part.

. One may calculate tﬁg apgropr1ate 1magehgbgect distances’ using standard
g_qué.ons for summerged TEnses (e.qg., Sutrong, Ccncepts of Classical
Optics). It is well howeler to roughly check the ca1cu1at1nn by f11]i‘§

hnld tha lance an +ha

B

a tin can to the appropriate depth with water.
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surface and observe the image of the sun or a h1gh overhead lamp on

the bottom of the can.
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Purpose:

Apparatus:

SHADOWS

(1) Show geometric relationships between source-object,

object-screen distances, and abject size vs image size

using pinpoint source.
(2) Above using parallel source
(3) Show reTati@nship between image size and image screen angle,
(4) Demonstrate umbra and penumbra due to extended source.
(5) Use Tiéhtmetér to dnalyze "fuzziness" of shadows *]'From
extended (not pinpoint) 1ight sources.

i EST. COST

Optical Bench (meter stick variety) $10.00
Holders, assorted ' $5.00 -
Screen (covered with graph paper) $5.00
Source with reflector & 25 watt bulb _ $2.50
Cardboard # —=-

Hole punch ’ .70

.Tape e ———-

Compass 7 .50

*Photometer ; " $10.00
*1/8 inch lucite rod : $1.00
*Micrometer . $10.00

“*Qptional

. See construction details of an inexpensive lightmeter, Jones, E. R.

AJP 42(342) 1944, (April Issue). ' .
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39.2
: - ’ ) . .
(1) Background: The geometrical relationships of shadows from point

]

sources may be seen from the following diagram.

Jk% Source@ @bjeif tmﬁgé Jereend }x
. 36 2
] L/ L +J)
% =dE > z. ~{Koes

EENAZes

Fe. 1

N s
Proéédure: Cut a 3 em. by 2 cm. rectangular shape from cardboard and
Gk ‘ place in a holder. Tape a piecé of centimeter graph paper to the
\ screen and place in a holder 5 cm. from theobject (rectangie).

Next cut a small circular piece of cardboard which will cover the

i entire front of the light sourgef Punch a small hole in the center.
This-haie will serve as aﬁ approximate pinpoint light source. Now
taﬁé the cardpaard to the reflector and place the source about 15 cm.
from the objective. Measure thé height of the shadow on the screen.
Move thé screen 2 cm. further away from the object and repeat the
measurement. Continue the procedure until the object-screen distance
(k in Fig. 1) is at least 3 times the distance between the ébject and

the source (measured from the plane of the cardboard). Notice also




4 ‘ : N
39.3 ol
) ﬁaw the shadow becomes "fuzzier". This is due to the source being

only an approximate point source. Fill in the table below
. %

? " '

— Object-screen T Z(exp) — | Z(cal. from Eq. 1)
distance k )

(2) Place short focal length Tens ™ front of point-source so that

emitted rays are parallel as shown in Fig. II

;mﬁae Sc:rerm A
Notice that the size of the shadow produced is almost
independent of the distance k by moving the image screen to

various positions along the optical bench.




) o 394/

(3) The relationship between the length of the shadow and the angle between
/ ,

the/1ight rays from the parallel source (such as the sun) and the image

scrgen (e.g, the earth). If this angie denoted‘as © in Fig. III is 900,

, , . , .y , T
the shadow height Z is the same as the object height L; however, if the

angTe is not 90°, the shadow appears longer.

| Ebﬁnlkzljeglﬁf’

Avgle betweery imMAGE SCkeen
l—?ﬁhffévg' Leen

The general formula is:
%= 1/sin0 Eq. 2
L

Verify Eq. 2 by making Z measurements at 759, EDD, 45°, and 15°,

Fill in Table 2. Also, as an extra exercise determine the approximate

times of day at which a shadow on earth would bear this same relatjon-

ship to its object.

z T1g§ of
Day




39.5 .

(4) Now remove the cardboard cover of the source reflector and
punch another hole somewhere at least 2 cm. away from the fi;st!
Replace the cardboard ané observe the shadow pattern. Naﬁ there
are two distinct shadgws which overlap somewhat i the middle.
The darker inneé portion is called the umb;a while the 1ighter
gkey area is called the penuﬁbrai Now remove the cardboard %nd
punch two more holes symmetric about the first two. Replace
the cardboard and observe the shadow pattern. Now remove the
cardboard altogether and observe the pattern. Describe what you
see and explain it in terms of an infinite number of pinpoint

sources,

L
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(5) In order to quantify the term "fuzziness" of a shadow a
distance called the half-width of the.shadow may be defined as
follows: first the relative maximum inteﬁsi@y‘is measured
completely outside the shadow. The source without the card-
board is used. Then bj carefully measuring the distance re-
quired to go from 25% to 75% of the maximum intensity, the
half-width is defined as the distance. A graph of this analysis

might appear as follows:

%o
-,-IHTEI,I’ 51'77 7

i 1|nii| ii.,litia’
LIS 1= —+ 1

5 2o 25
Units 6f Jdistanmce

The procedure for measuring this parameter is to replace

the screen with a photometer on a lab jack or other suitable

e

device so that its position may be slowly and reproducibly

varied. A micrometer or dial indicator is then used to measure




- Co . 39.7

theud{stance tfaveIedig Also, a piece of 1/8 inch Tucite makes

a good light pipe if properly coated ané is much easier to wield
attached to a micreméte;: A seﬁ up is as in Fig. I, except that
the éﬁreen has been répTaced{by the phatameteri The maximum in- %
tensity is recorded and then the apparatus is lowered 1nto the

shadow in small incremepts ,recording the relative intensity at

i

L

each step; The photomet&r 1is then moved tu a new value of k
(distance between obgec@«and measuring device) and the procedure

repeated. This will yield a set of curves as follows:

t:’l/é
;I;Jﬁfﬁa7z 1

*'c SR Eei—
lo . 15
a’/s'fﬁmcf (cm)

*Typical values for two positions are shown. in the attached .
graph. This section is still in very rough shape since I'11

probably be the only one who lifles it,

T e
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RESPONSE OF THE’EEYE AND THE EAR TO- INTENSITY CHANGES

— -3

Intr@duct1on ,
Both-the eye and the ear can respond to a very W1de range of in-

, tensatles the faintest sounds we can hear are about 107; }2 ~times as 1ntensei

'.,as the 1audest we can tolerate w1thout pain, and the faintest 11ght*s1gnals

-12 times as 1ntense as

we can detect with the unaided eye are about 10~
dirgct sun]1ght; Because of this wide range of 1ntensities we express
“sound intensity, far exampje, in deé]be]sé which "compresses" the inténsjty
scale logarithmically. ‘ ‘

_ We would Tlike to find a mathematical ré1ation;befween the infens%ty
of a‘1ight or a sound stimulus and the infernal sensation producéd However,
while it is easy to measure a stimulus in physical terms; 1t is not .so easy
to measure a psycha]og1ca1 sensat1on precisely. We are. aware that the sun
is brighter than a candle, and tﬁat a jackhammer 1is’ Touder than a bumblebee,
but evaluations 1ike "twice as Toud" o or "three times as bright" do not give
very precise measurements since they vary somewhat from person to person.

& ~ "One solution to this problem of psycho]og1ca1 measurability is to
measure theé smallest change in stimulus necessaﬁy to produce a change in
sensation. . If the sénsation produced by a stimulus varies as, say, the
lTogarithm of the stimilus (i.e., if the ear works on a decibel-1ike scale),
‘then the change in stimu1us As necessary to produce a noticeable change Ain
sensation should be proportional”to the stimulus s: As = ks. This relation-
ship was first noticed by Weber in the 19th century and is called uébef's

L

Law. It has been found. to be approximately true for all.of the physiological -

sensors with various values for k, the fract1onq} change necessary to be
noticed, For instance, for sound intensity chaﬁﬁEs kv0.1; for smell and*
, kv 0.3; for skin pressure’ changes, ky 0.05. - -
In this experiment, each student will measure his lab partner's
5ens1t1V1ty to a change in sound and 11ght 1ntens1ty When the exp5F1ment is
and regeat the measurements. Af‘terwardsﬁ3 each Tab group will use a light
meter and;decib§1 mete@ to survey Tight and sound intensities around campus.

A ¥
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In the 1ight portian of this experiment, we W111 use the Fact that
light . Intensity varies 1nversely as the square of the dTStaﬁCE from the

source’-

= E/D i

In the sound pOrtTDﬂ we will use .the asc111oscgpe as a va]tmeter fhe
amp11tudes on the. osc111oscope d1spiay are ‘conyerted to,vp1ta§es by
mu1t1p1y1ng by the scale, factor used at each point. The .
1hten51ty of any wave is proport1ona1 to.the square of its amp11tude hgwevgr,
we are not interested in absolute magnitudes here, but only in relative :
changes, so we will usé V2 as+intensity..
Apparatus: T
* A. Light Intensity
. 1-meter optical bench _

photometer head for bench (Bunsen type) .
black. felt drape i
iifght meter with calibrated filters ,

2 11ght sources to mount on bench: 2, 7.5 watt bulbs,
. 2 TDOswatt bulbs.
. B. Sound Intensity

- Audio oscillater

Headphones'(mcnauraT or étereo)

Oscilloscope
Intensity switching box (see construction notes beiow)

j—

. Sound pressure level meter (db meter)
Procedure:
A. \Light Intensity :. : .

We will setyg, = 1.for the 7.5 watt bulbs o0 I,'= ¢,/D%. We must then
use one large bulb and one small one to determine ¢y, for the -100 watt bulbs.
1. Set up the opt1ga? bench with the photometer head at the 50 cm
mark, one ]DD watt source at 100 tm, and, one 7 1/2 watt source on the op-
posite s1de of the photometer. Be sure to use the drape to keep stray. 11ght
from shining im the subject's eyes. : , ’

2. Vary the position of the 7 1/2.watt bulb until both halves of the
photometer screen appear equaTTy illuminated. Note that the $maTl soruce
cah be moved back and forth a sma71 distance with no apparent change in the’

screen.- Try to locate thei;enter of this interval. .Record the distance *ﬁ




0.3 .

from the 7 1/2 wett saurce to “the photometer head, Calculate
¢ = ¢ (D small) /(D 1erge) ) !
3. Remove the 100 watt source, Set both 7 1/2 watt sources at' 50 cm from

the photometer head. - R ’ - ,

4. Leaving one source fixed, move the other 1amp towards or away frem the -
photometer and record the ‘distances at which ‘the subject says that side of -
the screen is br1ghter or dimmer. ' R '
5. Repeat steps 3 and 4 with the fiked source at 40 em, 30 ém, 20 cm, and O
10 cm, then repeat the entire process with the pair-of large. eour£e$- R

6. Calculate the Va1ue5 in the data chart and greph AI VS.- I and - s L *:':

AL/T vs. I. , : ‘ ‘ SR

Data: » B : - L .

small eource ' , o I i 2 1 R

. ) e e o ot 102 ] Ty

D 1/D< D near D far I=C/D® pavg..= D far<D near é;ec&1/Da-T%:EFg—)i

; . : - 2’ 4 ;DA
—_— - — - T T = N N

]
Ly

Procedure: f

B. Sound Intensity : S *;} ) >

b

1. Connect signal generetar, switch box, headphehee; and ascilloscope as
ehown Have.your instructor check the £1r1ng before proceeding.
2. Turn on oscilloscope and signal generator and set frequency control at

- 400 Hz: | Set e1gneT amp]1tude at.0. - ,\
3. The subject is seated behind the D5c11105t0pe so he cannot see any of
/
the c¥ntrols and puts on the headphones, *_ ‘

4, Set _the oscilloscope vertical sensitivity control at 5 ﬁv/cm arfl adjuet’
the oscillator emp]1tude to. obtain a wave amplitude of 1 cm. 1)
5. Set the "1cuder” knob at "max" and th% “smfter“ krfob at "min." Throw

the switch in either d1rect1un and the eubjetf“ should say “10uder" ;r . _
"Sther”, Return switch to ﬂDFmé] ; " “

=
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6. Turn-both knDbs s1ight1y towards "netmaT" and rePeat the pracess Be -
sure to switch from ngnma1 tc 1auder-and nerma1 tc softer. 1rreguiar]y 'so.

" “the subject cannot pre¢1ct whiﬁh change will occur next.  When you have
reached the smallest dév1at1ons which the subject can detEct, record the {“
. oscilloscope amplitudes on the loud and soft sett1ngs L ) S
7. Repeat for “ncrmal“ voltages of 5, 10, 29- 30, 40, SD 75, and TDQ mv;ff

as- showq\be]aw

8. PTot As\/s versus s and Asy/s versus 's-on 11near graph papﬁ '45? ,
. Data. . . N S = s
vert. sen§ ijamp (cm) I Vzmv/cm’ X amp. 5 V3= ol Vmax Vé_ V2. -y2
(mv/cmzi ’ _ ?Drm§],m1n max. - Vo vmiﬁ!,vmax Vo Vnin ‘Vmaxf%__Tﬁgffﬁﬂggﬁfgp
5 il 5 - ) T
5 2 * 10
10 2 20
10 .3 30
20 2 - 40 -~
20 . ¢ 3. ‘ 60
50. 1.5 75
50 -2 TQD

Questiéﬁs;fér parts A.and B:

1. Dé your resuTtE verify Weber's Law? Over how many orders of magn1tude
1n I d1d you test Weber's Law? d

2. On the average were "more Tntense" or "less intense" changes more
noticeable? What wﬁthﬁyou expect to happen?

3. If-you. weré'try1ng ‘to get better results in. th1s experiment, what
*qchaﬁges in procedure would you make?

C.. Sound and 11ght intensity survey of campus

With a sound pressure Tevel metér (db meter) ‘and a light meter, take
readings of the sound and light intensity at various points on campus. You -
might take light values in reading and study areas, outdoors, “in classrooms,

B

. etc. Try sound intensities in hallways during class changes, near air

conditioners, at a fixed distance from various cars in the parking lot.
Are carpéted’ha?is quieter than those with hard floors? Also, in band and
. concert auditoriums?’ Compare the exhaust level of different automobiles.
‘Random notes. to the Instructar ] ) , ;

1. This might very we11 be 5p11t into two Tab experiments, | You could

3 S J~ - F
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v 2. The éaicu]étfan ﬁraéedure used to get Al in the optics part is not
N “exact. Huwever, it introduces 1ittle error, and makes calculations
simp]er than trying to correct for différences in 11ght output gﬁ=the :
two supposedly 1dent1ca1 Jdamps. -
3. Radio Shack selis a rather decent db meter for abaut $40.00. Scott sells a
c ’.much better one for about $1DD (Scott Instr.Labs., Cambridge, Mass. )
'A"4§ The control box for the audio 1ntens1ty changes is made of two ~
500-ohm poteritiometers, a sterén headphone jack output 2" banana p1ug
*=1nputs, and a SPDT cénter—off switch preferabiy Spr1ng Taaded to the
center position. The schematic is quite simple: . o '

So00 5

‘aiiief;tgié;i ) :Ett{fi g}ﬁjﬂiigiﬁ;4€¢#Lﬂﬁs

. 4 , -
It may be necessary to use an Tmpedancesmatch1ng*ﬁransfgrmEr before Feed1ng the

signal into the headphones. A 120-volt to 12-volf +filament transformer works well.

5. A Bunsen photometer is avaitable from several sources, oy you

¥

,i

‘can makeEyaur own from a grease Sth ona piece of paper and two

m1rrors, or from two parrafin blocks w1th a sheet bof a1um1num foil

sandwiched in between, ‘f'fiy
i o
Bunson Photometer - mirrors -
Source “ Source

0 S \Tﬁin Card
'%Tyg eye

Grease Spot Photometer - 7 .
£ .

Spot of Candle Grease on:Thick
White. Paper

Sun ///f\\\, ' ; Source o
e 3} : .~




SCALE CDNSTRUCTION ’

Equipméﬁt Pncket Calcu]atar - record p1ayer
A. Equitempered Scale ~ e
“An equitempered scaTe divides the octave into a fixed number of
1nterva15 having the same frequency ratio. The most useful tempered
scale in Western music has twelve equal half—stéﬁs or semitones of
~ .ratio r within the octave. Hith a fundamenta1 fraquency F this
‘xx\xa' gives frequenc1es a# f, rxf, r xf r xf 0 r1zxf As the octaye
is also 2xf, this determines r as r12 =2o0rr-= 2 5
]i1059463094359295 which is by deﬁ1n1t10n also 100.00 cents..
(1) ‘As%gm1ng that A4=44D Hz is the standard, calculate ‘the frequen:1es

Wof to 353i,e , those C's just below and above A and 311 half steps

.

4

between. T~
(2) Find the frequency ef<A§>and CS‘ the lowest and h1ghest notes on
the pTano v T

. B. Pythagorean Scale . T~ » %

- The' Pythagorean scale is defined by the foliuw1n§ sequenae
beginning with the fundamental frequency f say for C4 _ ?ﬁZa%2%/
a)y 2f = octave of C : o N Caéi‘z%%
L IR SR ;
b) ht down a fifth or 3 X 2f = §f = F4 :
3° 3. ¢

c) C up a fifth or > x f = 3f = G,
Z A 3 Yy :
d) E up a fifth & down an octave or 7 }@f—é——x 5f = §f - D4
3 le=p ke |
e) D4.up a fifth or 5 X f =1 = W
This gives the pentatonic sca1e (mode) . 7
f) N; up a fifth down an octave = 3x 1x e - 8le .
-3, 8l 23 2‘7 Z7 T8 w4
(1) Campute the frequenc1es of each note taking f = C4 to be
determined by the equitempered scale.’ ,
(2) By looking uprthe cents équiva1eﬁt to each interval, list the ..
g discrepency of each note from the equ1tempered note.
" Just Scale
A major triad is a set of three notes with frequencies which ™
are in the ratio of 4:5:6 or f, 2 gf,ie.g. CEG. A scale can be ¥
built from a frequency f : ‘

(a) by using it as the bottom note of a major tr1ad giving CEG

with the frequencies f, if gf




H

. | i 42.2

4

(@) by using the G as. the bottnm nate of § Tnew -triad g1v1ng GBD as- §¥

S % '
(c) by using the C as the top note of a triad to get FAC as §$ =f, f
(d) Those notes Tying outside the octave are moved by an cttave (F and A

m

mm

up one octave) D dawn one octave to get C1, g Egy Fg, G%a Ag
15 1

By, 2 o -

h (1) Repeat parts B1 and B2 for the Just scaleg--

"

e

Comparison :
1. Compare the sca1es by T1sten1ng to recarded cumparisons Ver1fy that

the most noticeable differenceg in cents are the most natlceab1e aurally.

Which scale do you find preferable and why?

Equitmepered D1v1s1cns of the Octave -
~ Equipment Pocket Calculator o ; C
Description: | - .

The octave can be broken into divisions other than the standard
twelve divisions.,_ _If. one breaks  the octave into N parts then the equi-
tempered freque C]ES must be f, F x D, fx DE, f,3, fD45 c e fDN where
the frequency of f is fundamental and F x D is one octave higher. Thus
iN =2o0r D=N/2Z . These members and the1r}gqu1va1ént in terms of cents
can be obtained from the instructor for all N from 1 to TDO The higher

”‘°agg,frequenc1es D2 DB, etc. must be obtained by successive multiplication.
However;thg cents equivalents may be obtained by multiplying the cents by .

m for the mth note— LSee page 130 Backus).

=

Procedure —

> e

‘- (1) - Choose some division of the Dctavé{axher than 12. Compute the cents

o equivalent for each note (relative to the fUﬁdamenta1) '

(2) Compare the available notes to the notes on the equi tefpered_ scale
(cents = 0, 100, 200, 300, . . . 1200) to see if they could be dig=—__
criminated by the ear.

(3) Compare the intervals also to ‘the just intervals to see‘if there wou1d
be a percept1b1e audible difference. (The frequencies and cent equi-
valents for these are available from the instructor).




\5f§f is computed and‘also expressed in.cents. .

=

Division of the Qctave 1ntc N 1nterva1§

=

N N/;:; fs FRECURECY

1 2 .

2 . 1.414213562373095
3 1.760021049894873
'y 1.189207415002721
_.5. 1.148€98351997035
ot 1.122462048309373
- 1.104089513673812

g 1.0905077326€65257

a. 1.08C05973889230F

10 1.071773462536223

11 1.065041089439962

12 1.05°46%8094359295 -

13, , 1.0547GE07€E481€E4L7

1u 1.050756€3865321¢0

15 1.047294122820627

i¢ 1,0442737824270414

17 1.041616010E50584

18 1.039259226031843

19 1.0371550440L46192

z0 1.Q35264923841377

21 1.03355778300702¢

22 1_03goosz7g73521

73, 1.030595544752000

I 1.029302236€6L43492
5 1.028113826€6560€C¢C
€ iiQ’?’?QlEDSD?DS??“‘
7 1026004484707 033
8 1/02506u31196587,
q g%jﬂ?h184560248997
0 1.023373891¢¢S€77°¢

1 1.0226114356012€¢8
2 1,021807140F5L117
3 1.02122€60631536h
b 1.02059590957958¢
5 1.02G6001€£0942119"7
€ 1.019440610370214°"
7, 1.018910284405251
ag’ "1,01840800327410%
39  ©1.017931884337391
4n 1.017479002102¢68¢
‘41 1.017CH074LuL3EDT
4o 1.016€4043030103%
43 1.0162503251935652
‘Yh~—__ 1.015878083105551
y 5 Eﬁ*@l,g??512%@u27r
e 1. 0158251795034
17 1.01485703%201700
Ty 1.01454533403752Y
B 1.0102U6386967327]—_
50 1.013950479790020%

D L D LA P O T 0 TR T T T T Y

CENTS

1200 , -

600

HOO. = ]

300
2Lc
200
171,43
150
133,34
120
1ne .1
10@ -
.31
_af 72
80
75
70,560
€6, €7
£3.1
€0
57.15
LES
52,
50
48
L f,
., 45
ha,8r
41,3

40

L

Iz,

e
¥

1c -

~J
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The semitone f’requéncy
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U WU AN LW LT L
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»
g
o

Lo Bilan'
[N

3
£
£5
€7
£8
=9
70
71
72.
73
7h
75
7€
77
78
79
50
g1
82
83 _
g
85
86
87
g8
B9
g0
21
99
73
oy
“5
96
€7
og
oq
100

,*1.013€83S00322865

1.0184189906987
1.0¥3164143024915
1.012918734724947
1.012682424393701

+1.0124545480967€5

1.012234716073474

1. 01202550‘375410‘? .

1.01181753912n121
1. 011519uu0391922
1.011427873425 72
1.01124252066518
1, OliDFSDBquG&T?

1. c1a72ﬂaeaz71375
1.010557571994473
1.,010399179810882
1 aioﬁnsusﬂgézuis

1.099951290518116

U DDﬁEiOMQE§B73?1

1.009540388970987
1.009410860059099
1.00928480121 182K,
1.0021620748294061
1,009042550492123

1.00892610449790L1 -
©1,00881261943577¢
_;}_698301‘38379039‘3

1.00859409157€9899°
1.008u488842002541

1.00838613915170QQ
1.0082858916953§ip
1.008188012619719
1.008002418974348
1.007999031637824
1.007907775099285
1.00781857725u717
1.007731369217151
1.00764608513904 3

"1.0075€2€6620LE655¢%

1.00748103968UuUBE
1.c87401160371001"
1.0073220€688€2183
1.007246412223704
1.00717143¢e71221°9
1.007098002662763
1.007026054383L40¢

1.00695555005671¢9

21,0C
20.fF"
~20.3u
20
19. rﬂ
10.37
19.05
18, 7°¢
18.47
T16.1¢
17.92
17.865%
17.
17.18°
1¢.91
16.67
1€.44

g\
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Fundamenta] frequency ratios in music are def1ned- computed and
; given fn*equ1va1ent cents, - , ‘o
' .1 UNISON = -
o Cﬁf”ﬁ(v FREC QP 1 o o .
o T PR(1:1200) %1 ONE CENT. -
1 C'f'lf"' oF ﬁF’F or 1.00C77770°506058
1,002541 . BEST PIT { DI SCRIMINATIDN >HTDDOH3)
4,83 CRLTS OF PR OF  1,00705 .
. B1:eo * " SYNTONIC COMMA y a
21,51 ’C'FI”"‘"‘ CE FRTC (3F 1. n1*‘~r, -
. 31LL1:52L4268 PYTHAGDREAN "‘COMMA .
28.u47 C'T”'[F? or P”fQ!; *1.0100U30°0NTTPE0F )
. 2563743 . PYTHAGOREAN DIATONIC SEMITONE t
50.23 @Bf‘*" OP FLCOOF AL 0E2LCTRR0061 851 - 6 :
’ 2x(1:12):1 EQUITEMPERED SEMITONE
w106 CEFTS Ol FREC OF  1,0LcLFInaLacGpag
o 16315 . JUST DIATONIC SEMITONE
111,70 CELTE CR PERC OF 1. CCOF(CRCCErFrf]
o - 2187:2040 PYTHAGOREAN SEMITONE .
113.00 CHIWC OF FEFOOF 1.0070730¢57¢
1.1 WORST PITCH DISCRLMINATION[BO iz )
165,01 Glrmf FF FRPO CF 1.1 - o
: 10 , "JUST WHOLE TONE : .
7 182.41 C‘rff (’7? [’;f;’,/’f(’ﬁ OF 1. hi11111121313111 -
‘ 2#x(2:12):1 EQUITEMPERED WHOLE TONE
200 CFITS 0P FFEC CF 1.107000000500075
oo ” PYTHAGOREAN WHOLE TONE .
203.02 CFITS 0P FREC OF 1.10¢ -
v 322l PYTHAGOREAN MINOR THIRD
200,14 CLILTS OF PIFO OF 1,18517°186185101% \
c e 2%(3:12):1 “EQUITEMPERED MINOR, THIRD
3o oM R OFREGC OF L185007311° “’f“ 1 v
o in o, . JusT MINOR*¥HIRD |
315,55 AR S '
gL ' JUST MAJDR “THIRD™
’ 380,32 cr.oreE cn FiIEe CF 3
2w (u:10) 11 EQUITEMPERED MAJOR THIRD
bCO  CPEZE OP FREC OF 1,757 60100560073
e §1F " PYTHAGOREAN MAJOR THIRD
!H";7,8277C'1 I8 QR FREFO (OF 1,70 HFD2G
R T T PYTHAGOREANS JUST FOURTH
Loe , 05 CrL1Ts OR FRFQ CF 1,333233333323333
SR TR EQUITEMPERED FOURTH
E00  CEPET CPR RPIC OF 1L 0EnRRTE 7
TTRTITIT EQUITEMPERED DIMISHED FIFTH
FOC _Cril™ On PRIC CF 1.t AR X
ex 07wy . EQUITEMPERED FIFTH
700 DR FERC CD 1
L UET . PYTHAGOREAN JUST FIFTH
. 10miel PYTHAGOREAN MINOR SIXTH
792.1¢8 CriTe O FRFOOGF 1.500008 0107820007 4
2% (811211 EQUITEMPERED MINOR SIXTH
LO0  CIrUS oD FRUOCR 1 nniunote e
5E5 JUST MINOR SIXTH
al S S S S 4 G




. 3 . . r le-‘ ’ _! =t <
‘«'_! - E;"fﬁﬁ:z‘ i e /‘fg - e _— -
CoT - 9E3 ~_r _JUST MAJOR SIRTH R
- gE4, 36 crr7rs OR FE’E'G OF "1.TRFFCTEFCLELELT
wo2w(9#12)¥1 - pQUETEMPERED SIXTH  °
- agn ‘C'Fi‘fo' OFP FRFC 'OF 1,68 17028305074 20¢C
" )27:16 PYTHAGOREAN - MAJOR
205.87 BT OR FREQNWT 1,Faevg% N-MAJOR SIXTH
= . 2#(10%12)f1 " EQUITEMPERED DIMIS
'1000.° CFITC OR. FREC OF \1- IR DQL':—‘-;FHED ‘SEVENTH .
.\ 1548 JUST SEVENTH B
_1086.27 CIUTS OR ”'E’T‘t" OF 71,875 o
; LT 2x(1T12) EQUITEMPERED SEVENTH . ‘
,11A "CENTS CR FREQ @r 1.687708¢ 26363307
i , . 243:128 PYTHAGOREAN SEVENTH
71_17879;78 CFLTS OR'FREG OF 1.£°Bu375
- ~ 21 —_—~OCTAVE — )
1200 CRLTS OR FREC [cﬁ 2
B
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/. SIMPLE WARMONIG MOTION AND RESOMAMCE ., .,
Introduct1gn . , ? o
HEEﬁéve all seen examp1es of repet1t1ve motion; waves mDV1ng tcward
a beach, the swaying of trees in the wind and many others. Even more we
have heard the resuits of such mnt1nn such as sound waves frem a vibrating
violin string or from a v1brat1ng drum. One of the rastff§m111ar types of
motion which repeats itself is called simple harmonic motion (SHM). The
simple pendulum and a mass on the!end of a spring are. examples of'SHM. An
object éxeéuting SHM has a natiral frequency. If a farce is épp?ied to the
lpbjgct in motion, it can be made.to vibrate at the frequency of the app11ed
. force. When the force _frequency is the same as the natura1 frequency, the
amp11tude of the resultant motion can become quite: 1argé This phenomenon

is called resonance. .-

Objective: . T, o ',
' The obgect1ve of this exper1ment is ta fam1113r122 you WTth some DF

aracteristics of SHM and resonance.

Th1s reiat1ansh1p can be expressed as .
F = -kx : O
where k isithe constant of praport1ana11ty between the force and the 615—

pas1t1qn

placement distance.

‘When the SHM is due to the force exerted on a mass by a stretched
spring, k is called the spring constant.. The distance from the gquilibrium
position of a mass executing SHM is a s1nuso1da1 funct1on of time. It can
be thought of as the mot1on of the shadow of an object moving in 3 circle

at constant speed (Flgure 1)

h’ht
|32

Figure 1
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Lt Unless a spring is Stretched ‘so far that Eqn 1 is uo louzed™ true,

N

]

’ the time for a mass Lg»compTétﬂ ‘one cy;le of its motian is 1Pucp4ﬁd”ﬂﬁ of
- the distance the gass moves. The time for completing one cycle is .a per1 od

. _~of the motion and is 'dééigﬂatéd by T. The period. dﬂ,gands Dﬂy on the mas

m, of the moving abgect and the spring constant; .
T = 20 TR : | (2)
The number of cycles completed by the mass in one szcond is the froguency,
F. The period and the freqyency are reciprocal, i.€., B
. , 1 . ‘ 7 . ‘
F o= , o (3) .
- ) L \ C o, o L

" The maximum‘distance the mass poves from its equilibrium position
s its amplitude, A. If a mass is di§p1aced from its eqdﬁi%bffuﬂ position
ﬂy a given d]StanCE and Fe1eased, it Will ‘execute SH with am al,p1itude
equa] to its Dr1g1na1 d13p1a§ement Th15 is the ideal case. In reality
there are always frictional ‘forces present which cause the amplitude to
decrease as time passes. ’
Thus far only SHM with no driving force has been discussed. Consider

a nass which has two forces, one due to stretched springs and one sinusoidal,

acting on it (Figure 2) 5
10 RER™ 49
[ _AIr _Track
Figure 2

' frequency of the 7 , 7 ]
If the driving. ( sinusoidal) force is not near the natural frequeacy of the

- mass attached to the springs, the amplitude of the resu1t1ng motion will he
small. However, as the driving frequency approaches the natural frequency
the ampTi%ude increases rapidly. When the two frequencies are equal the

amplitude is a maximum and resonance has bzen reached.
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Stopwatch or Timer

Air Track =~ ) L
Glider /
Two Springs
Variable Speed Motor With Sinusoidal Drive
- Spark Sourca §) L 7
Set of teaights , - { ’ |
Balance v SR ‘
4' Magnetic Recording Taps o i
Spark Tape " ‘ )
Rol1 10! White Paper
String
Procedure:

ili

2.

‘Measure and record Lhe mass of the g] der

Determine the spring constant for zach spring. This can be done using

the arrangement in Figure 3 and racording tne clongation of the spring

as a function of the force stretching 1t.

TE, ) T——J — . B ¢
F13HFP 3

Make a graph Df force on the ;nr1n5 versud its elongation. Thérgéring
constant is the slope of this gﬁdpbi '

Using the arrangement in F1gure d,threL;h each spring about 20 cm.
Displace the glider about 5 cm. from its equilibrium position and time
at least 10 EycTE» of the motion. Calculate the period. Repeat using

both 1argez;gnd smaller amplitudes. TIs their any significant change

in tthper1od? o
el el R R el .
—_ —

Figure 4
‘ .
Compare the measured period with the period calculated using Eqn. 2.
(You are using two springs, so what fis the spring constant for the

motion?) /
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the driving;f&rcai

esonant fr;quh“cyé “Lower the frecuency in Btzizj recerding the

ampTTtude at each fraquancy. Th13Arecarding nay be d

timer. Tape a piece

- : - on the top of the suppovi
on the equilibrium position of the'g1i§éﬁ, Wh=n vou uish:to récord the
amgiit“d; S1mp]y put a pﬁECEVDF wnite paper over the spark recording
paper .and lowzr the bottom spack wire until it is just above the spark
~paper. If you pull the white paper through at a conslant spesed you
will see that,them@ti@n is sinusoidal and frem the number and position
of spark holes you can m2asure the amnlitude and the frequency. |

=

7. Plot a graph of ampliiude vers

m

25 Trequency and compare the respnant
frequency with the one measured in part 3.
Helpful Hints: , , .

drive from the cenco centripetal force ap-

—1
=3
-
[
2
py |
[
el
p—

1. You car make a sin

paratus. Take off the enclosure with the mass and spring and put a small
nt

nail in the vacant hole. Loop the string (the other end of which is

- attached to a spring) around the nail. “The slight off-center position -

=

is enough displacerinent to .

Y 2. Try to find two ideatical

freguency of at least 2 Hz. The Ce hcu apparatus does not npe ate well
under about 1 Hz |
: 3. If the driving amplituds is too large you may gei some nonlinear ef-
fects, such as juzp R‘U11tudtg,'iSiY7t:Q in szvaral of the refearences,

Some good students might want to studv thase.

4. A better spark recorder is described in rzference 7. :
5. If yeu wish you can ebtain a sinusoidal force drive from the Ealing.
Corporation. S ‘ ¢
Student Glider Sine Drive #0333-0357 $30.00 .
Unjversal Gear Motor #CE34-3152 $49.50 ,

Controller for Gear Motor #CB34-3160 552.50

. The frequency of the motion can dT;D be measured using the revolution
“ counter on the apparatus.

f ‘ B _,1‘,

O
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PITCH

There are: three primary sensations which descnibe a musical sound: | , O
pitch, loudness, and timbre. Pitch is frequently described as the sensation
of "altitude" bré“height;” The psychologist might define pitch as "that
attribute of éudjtpry éxperiencé which determines the positions of sounds in -
a psychological continuum from the 1éﬁén to the upper frequency Timit of tonal
sensation.” To the mus?cian,(pftgh relates a sound to some note on a musical

-

Y

scale. ‘ v
’ jPitch is determined main]y by frequency. * However, there are secondary
effects such-as loudness and timbré which might be expected to influence our
sense of pitch; some of these will be studied in Part A of this experiment.

Part B which introduces some complex sounds whose pitch is not a simple function

of frequency, will be of 1nterest to the more serious student of musical acoustics.
< .

Earﬁ‘ﬁzfipitch of Musical Tones
In this part of the experiment, the pitch of pure tones and those with harmonic

’Dvertanes, such as musical tones, will be studied. Three questions will be
investigated: does pitch change with 1oudness? does pitch change with timbre?

how does vibrato effect pitch?. / ‘ ’ h -

. These guestions were 1ntens1veiy studied about 40 year ago by Harvey |

Fletcher at the Bell Telephone Laba#atar1es, by 5.,/6. Stevens at Harvard, by
Carl & Harold Seashore at the Uﬂ1ver31ty of Towa, and by others. The resu1ts
of these experiments were in good agreement with the classical "place" thecry
of pitch perception developed by Ohm,von Helmhaltz and von Békéf Attention
is called to a paper by Dr. Fletcher in the October 1934 issue of The Journal
’Gf the Acoustical Society of _America as well as books by von Helmholtz,

Seashore, and von .Bekesy.
1. Does pitch change with Toudness?
a) Using a reference tone of variable frequency at 40db to determine
. apparent pitch, listen to-tones from 50 Hz to 10,000 Hz at lévels
of 60, 80 and 100 db. Determine the apparent pitch of each tone by
adjusting the frequency of the reference tone and sw1tch1ng back
and forth. . (If a frequency counter is available, the e§act frequency

of each tone can be determined with precision: otherwise the change.
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in frequency can be-obtained from the oscillator dial even though

. the actual frequency is Jl1ght1y different from the indication on

b)

the dial).
Make a graph of p?tch dev1at10n Vs frequency (on semi- -Tog

tgraph paper) with three cgfves to represent the three.intensity

levels. Use your own JUdngﬂt to determ1ne how many data po1nts are
necessary to obtain- reascnabTy smooth” curves. Interpret your results.
Repeat the experiment of Part A using a tone r1ch in harmonics such

-a5 a square wave or a sawtooth wave in p]ace Qf the pure tone

Interpﬁét your results. ’

Does pitch change with timbre? zt ‘ .
Two methods will be outlined for making this experiment, the choice d ending

on equipment available.

~a)

=
N

Set a function generator tc a given frequency, say 440 Hz, and Tisten
to all available waveforms (e.g. sine,. square, sawtooth, pulse, etc.).
If any difference in apparent pitch is noted, arrange them in order

~from highest to 1Dwest Repeat the experiment at 4 other frequencies,

perhaps 2 octaves up and 2 octaves down-from 440 Hz. Discuss your
results.

Using musical 1ﬁxtrument; or tape recard1ngs of mu51ca1 instruments,
measure the exact frequency w1th a frequency counter, and also de-
termine the frequency of the pure tone (at the same Toudness Tevel)
which has the same apparent pitch. Discuss your results.

What is the apparent pitch of a tone with freéuéncy modulation (i.e., a

type of vibrato)?
~ For av source of frequency-modulated sound, use a dua1 function generator, a

musical SyﬂthE;TZEF, or a v01tdge cantra]1ed funct1@n generatar together

with another oscjllator capab]e of qemerat1ng a Tow- frequen:y tone.

a)

With a f1xed modulation frequency of 7 Hz (an "average" rate “for
vibrato used by both vocalists and 1nstrum§ﬁtal15ts), vary the amount
of frequency change (i.e., the "depth" of the v1brato) from a full
tone (+6%) down to the smallest amaunt-perceptib]e! Begin with a
center frequency of 440 Hz, but try several others as well. Determine
the “averagé” pitch by comparison witﬁqa pure tone of the same
1oudﬂe§’; and also try to estimate the depth of vibrato if you have

a "musical" ear which recognizes small intervals.

'\ié
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F) =

Meanring the actual frequéncy ehenge'Af may be Feﬁr]y dif-

£

makes best use of the equ1pment eva11eb1e \

. b) In this part of the exper1ment the "depth" of modutation will be.
kept fixed as the medu1et10n rate is ven1ed Begin with a center
frequency of 440 Hz and a frequency swing nf 1/4 tone (+1.5%).
Determine the apparent pitch and depth of v1brat0 (1f you can)

’ for ﬂodu1at1on frequencies of 3, 4, 5, 6, 7, 8 and 9 Hz. Repeat
- for frequency swings of a semi-tone (£3%) and-1/8 of a whole tone
(£0. 7‘3 Discuss your results.
¢) What combination of depth and rate of vibrato did you find most
pleasing? How does that eenpene to that used by most performers
of music? | '

Part B. Pitch of Complex Sounds
; Many of*the sounds that we hear do not eene}ét of a fundamental note

pTue harmonic ovértones; yet our ears are able to assign a pitch to these sounds.

The -manner in which this is done has been the subject of much research recently,

but is not completely underetendabie. A good review of historical and current

understanding of e%teh perception is contained in a recent article by Wightman

and Green (American Scientist 62, 208 (1974).

In this part of the experTment 4 different sounds are presented. These

may be geneneted in the laboratory or they may be pre-recorded on tape. "If a
spectrum aée]yzer is eva1leb1e the sound spectrum should be recorded, since
it is 1mpertent to understanding the pitch perception. If no ene1yzen is

available, the sound spectrum will be furn1ehed the student,
¢ T—>

1. The first set of sounds to be studied 7 '
" consists of a set of three pulse trains e T
— -l —
used by Seebeck in 1841 and described in 2 }} il
the paper by Wightman and Green. In each S -
- L N , ] je—T —>=<T)
case, the pitch is determined by com- J—
parison to a pure tone as in Part A. o -TiAw,#- — -

One way to generate these pulse patterns (in fact the method used by
Seebeck) is with a disc which rotates in front of an air jet in the manner
of a siren. The pattern of the holes will determine the pattern of pulses.
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Another method is to do it electronically with "fT1pafIap"'c1rcu1ts
’1‘p1us a d1g1ta1—

Yet another method would employ a. small d191ta1 camput
to- ana]ogue\tonverté? ;
2. When tones with frequencies of 600, 800, 1000, and féga
together, the pitch that is heard is usually identifi
the frequencies presented to the ear are harmonics of
Fundamenta] This may be illustrated by recording or 1f5ten1ng to the
sound of a musical - instrument after the s1gnaT has gone thr@ugh a high-pass
’ fTTter that surpresses the fundamental and possibly the second harm0n1c ;
as well. (This is not unlike what. happens when music is heard on a tran-
sister radio with a tiny 1oudspeaker that has Jittle or no ability to

¥

2 are sounded
200 Hz, because
{:]$§3ﬂg" 200 Hz

reproduce tones of low frequency, yet bass notes, are heard).

Listen to the sound of a musical instrument as one aftér another

of the Tower harmonics is deleted. Does the pitch change? v |

3. Bells, gongs and tympani have many overtones which are not harmonics of
the fundamental. Identify the pitch of these percussive sounds, and see
if you can relate the pitch you hear to the sound.spectra.

4. A very interesting experiment on pitch, first performed by Bilsen and
Ritsma, is described in a recent art1c1e by BTkEﬂ and Goldstein (J. Acoustical
Society of America 55,292 (1974)). thte noise is delayed from 1 to 10
milliseconds and mixed with the same undelayed white noise. The ear hears
a rather faint pitch at a frequency 1/T, where T is the delay time. This
s termed "monochotic repetition pitch" (MRP). Another version of this
experiment (termed "dichdtic repitition pitch" or DRP) supplies delayed
white noise to the other -ear. Again a“pitch of frequency 1/T is heard, but
somewhat fainter. ' ’ : N '

Either MRP or DRP can be generéféd by using a tape recorder with
separate record and playback heads to delay the signal. If the’spacing
between the heads is fixed, then one delay time can be Sbtained for each
tape speed. The delay time is easily calculated.

bgri C. Interpretation of These Experiments
The student who wishes to pursue this subject further might wish to

examine these experiments, especially those of Papt B, in light of .different
theories of-pitch. Is the classical place theory incorrect? Can it be




E)

44.5

. modified to agree with these results? Does the residue fheory of Shouten
‘and others have validity?

What are the "pattern-transformation model" of W1ghtman (J. Acoustical
Soc1ety Am. 54, 507 (1973)) and the "optimum processor theory" of Goldstein -
(ibid 54, 1496 (1973))? What significance do the unusual sounds of Part B

have for the musician? - .
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POLARIZATION

I. Introduction

The effects of "polarization" were observed as early as 1669 by
the Danish scientist Erasmus Bartho11mu5 who noticed that crystals of
Iceland spar (calcite) had the curious property of sp11tt1ng a ray- of
Tight into two rays. The explanation of th15 property was praposed by
Young and Fresnel around 1820. This exp]anat1an was based upon the idea
of the wave nature of Tight. Before this time, those scientists who
believed 1ight was a wave generally -assumed that, Tike sound waves, it was
a 1Dﬁgitudiﬂ81 wave. Young and Fresnel showed that if light were a trans-
verse wave phenomenon, it would account for polarization. 1In a transverse
wave, the wave motion is across and at right angles to the direction the

wave is traveling. Thus the motion of the wave disturbance is not always |-

in the same direction, but it is always perpendiculér to the direction of
prapagaticnig If a beam of Tight has its wavelike -oseillations in pre-
dominantly one direction rather than in random directions, it is said to
be Eqiérize . Thus a palérized wave is the simplest kind of transverse
wave. An unpoTarTzed transverse wave is a more complicated thing since

Jit is a mixture of various transverse motions.

SN | /ﬁ\\J[-\_

unpolarized wave : vertically polarized
on a rope wave on a rope

horizontally polarized
wave on.a rope

The Tlight which is incident on.a calcite crystal is unpolarized.
The properties of the calcite are such that is separates the unpolarized -
Tight into two polarized components and transmits them through the crystal
in different directions and with different speeds as shown below.

e



o ' ‘ﬁldf

c:'é/f: e ry.ﬁ‘a/

Although the property of péié?ﬁzatipn was discovered and then ex-

~ plained in the nineteenth century, practical applications were not feasible,
because pdlarizing substance were scarce and fragile. One of: the‘best was

"herapathite" or sulfate of iodo-quinine, a synthetic crysta111ne mater1a1
The crystals themselves were so frdQTTE that there seemed to be no way

of using.them. In 1928 Edwin H. Land, while still a freshman in college,
invented a pQ1ar1z1ng plastic sheet he ca]]ed "Polaroid". His first
polarizer consisted of a plastic film in which many microscopic crystals
of herapathite were imbedded. #hen the plastic is stretched, the needle-
like crystals line up in one diréction so that they all act on incoming
light in the same way. ‘ £

Cit.will filter out all 11ght with oscillations in other than one preferred

direction as shown below-
. . ]

Q AN W
lamp e pahpud, :
If another sheet of Polaroid is placed in the beam of Tight and rotated
one finds that for a certain-orientation, all the light is eliminated.
Two sheets of Polaroid arranqgl in this manner at right-angles are said
to be "crossed." o

Quite a number oi transparent substances placed between crossed
Polaroids cause the Tight to be transmitted again by the second Polaroid.
Many such substances are DJf1rdHly active, £or example, quartz and sugar
solutions, and when viewed hmue en crossed Pnlarmdg i&ﬁey often produce
strongly colored patterns. Sheets of (,.(i]](,}\ﬂ ane and mica, silk, flax,
cotton, white hair, and wouol fibers freguently show optical properties
of this kind and vield beautiful and varied color effects on rotation

between crossed Polaroid:

/"



II. Objective: .
In th15 exper1mPnt you w111 observe the various effects discussed
above and make some measurements to determine the degree of polarization
for various configurations of the, Polaroids.
III. Equipment: :
ﬁ%ght source, Polaroid sheets, detector to measure 1ight intensity,
celophane, tape, protractor. '
IV. Procedure: - g
1. Arrange your experimental apparatus as shown below-

Y
3g\ ! /ii ' ‘
2@ Ny L
light source Po’aroid . Detector :

What, happens’to the intensity of the Tight when the Polaroid sheet
is removed?
2. Now place a second Polaroid sheet in the beam and rotate it until the
maximum amount of light is reaching the detector. Record the intensity of
the Tight when the Polaroids are in this baéitﬁan;- (The angle between the
two is 0°). Now rotate the second Polaroid through various angles from
0° to 180°. Observe and record EQE intensity of the Tight for about 7
or 10 angles. . i ‘
3. Arrange the Polaroids so that they are crossed, that is so that a
minimum amount of Tight is reaching the, detector. Place a piece of cello=
phape between the two Paiaraiﬂs.' Observe what happens to the 1ntgns1ty of
the Tight. Rotate the piece ‘of cellophane and note the results.
4. Use the cellophane and cellophane tape to form a design with varying
thicknesses of these materials. Place a sheet of Polaroid material behind
your creatiom and another in front of it. What effects do you ébSEFVE as
you rotate the polaroid in front? In back? ;
V. Otheyp Questions
1. Using your data from step ¢ above plot a graph of angu versus the
intensity.
2. For what angle does the maximum intensity occur? The minimum? Explain

this in terms of what you hive learned about the process of polarization.

a
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3.” What happens when the cellophane is inserted? Can you explain why

. this would happen?

4. HWhy aré-po?aréid lenses used in surfglasses? Exp]gin\hcw they prote;pi
your eyes from sunlight, ‘ _

" 5. One way to achieve privacy in apartments facing each other across a
narrow courtyard while still allowing residents to enjoy the view of the
caurtyafd and the sky above the courtyafd is to use polarizing sheets
placed over the windows. Explain how the sheets must be Bf%ént%d for
maximum effectiveness., E ’ A
6. To prevent car drivers from being blinded by the Tights of approaching
automobiles pc1ar1z1ng sheets could be piaced ‘over the head11ghts and”
windshields of every car. Explain why these sheets would have to be
oriented the same wWay on every vehicle and must have the1r polarizing

axis at 459 to the vertical.

Notes To The Instructor: ‘ o
1. Light Source: clear 150 wWatt globe mounted in a houging with an ap-
proximately 2 inch diameter aperture is a tuffuCTEnqu intense source;
another source is to use a slide. projector for the beam of light. .
2. A photographic light meter is sufficiently Sens1t1va for the detector
although it proved somewhat difficult to use. An inexpensive photocell .
‘would be a better detector if a voltmeter, ammeter, or oscilloscope suited
to the photocells output is available.

3. The light source, polarizing sheets and detector ‘s hau]d be mounted in

some way so that their re]at1ve positions could be he]d constant during

the experiment. - o "
4, “Avoid placing the ﬁo]arn1d material very C1D:E to the light source
to avoid damaging it due to heat. fff ' '

Equipment: _

Polaroid Sheets 6" x 6" pkq. of 4 - $2.50

Stock #60637

Edmund Scientific Co.

Barrington, N.J. 08007 !
Photocell: International Rectifier - $4.40

Silicon S$4M-C '

H1gh efficiency photovoltaic

output up to 0.4 volts
b\; up to 40 mA

4!
L




| 5
L. _.:
L
‘ !
References: e

"Polarized Lighty" L _11\

Selected Reprin%s; Americar <ssociation kathsics Teachers

| . Resource ‘Letter P;aih 5 C

+ address: 335 East-45th. Stﬁéé¥ )
) New York, N7 Y. 10017

F‘Nce $ZOD eacF -

\

d




;‘ .

=

STEREQSCOPIC PICTURES: '.* - °*

Purpose; ]
To make and study stereo photographs
Descr1pt1gn .
"~ Because the eyes are separated by a small distance hor1zanta11y,

llmages perce1ved by each eye arrive _from s1ightly different ang1es - This

deference produces depth perception or stereopsis. The fact that the
brainsees two slightly different pictures and fuses them into a three
d1mensigna1 image (this process is known as fusion) can be used to produce

’ sterea or three dimensional phatographs These stereo pictures are much

used in aerial and satelljte reconnaisance work.
Stereo photographs are produced by taking pictures with two different
cameras set at a Fixed distance apart. The same effect can be produced w1th

~one camera. A picture is taken; the camera is moved some distinct distance

horizontally; and, then, a second picture is taken.

) If available, the student should examine a set of aerial stereo
phgtog?aphs and, perhaps, a set of stereo molecular model drawings w1th a
stereo viewer. With. pract1ce some students may find that they can observe
the stereo effect without the aid of the viewer, The student shou]d not1ce
an Exaggeratéd depth in the stereo aerijal photographs. , ‘

After examining the avajlable phptographs and f1gurés;:the student
should proceed to create his own stere}thotogréphs A s{mpTé Polaroid
camera can be used to do this. The object to be photographed and viewed
should have ‘quite discernable and measurable depth (figures made from
Tinkertoys; are excellent for this purp@se)_ A phaf%graph1c meterstick =
should bekpiaced directly in front of the figure to be photographed so that
a scale factor can be established for the finished photos. The camera is
to be placed app?ox1mate1y one and one half meters from tﬁe objects to be
photographed. This distance should be roughly at Teast .ten times the depth

~ of the figure being photographed. The student should record the distance

from the ngure to the Tens of thE camera. After the initial picture is
taken, the camera should be d1splaced horizontallv to take the <ecand

52 ':?Ijr;
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! ;,tt of the amount of - separat1un between samé?a-
3eﬁ§cup1c image, a third photo with iﬂ? camera dis- ‘

- To observe the .
;pos1t1on5 upon the s#l
placed even,further,;needs to be taken. In this third p1cture it is recom-
‘ménded that the student should double the initial displacement of the camera. -
If the 1nitiarldisp13cement was ten centimeters, in doubling this, the final

" camera p051t1gn will be twenty centimeters from the 4dnitial camera p051t1on
Now one can compare the stereo effect with a camera be1ng d15p1aced two
d1fferent€d1stances v

If cne knows- the distance from the camera to the source, the displace-
ment between camera positidhs, and the scale factor of the resulting photo-
graphs, it is possible to make actual depth calculations of objects.

An apprgximaée formula to calculate depth or height of an object is
given by the following:

- oS . height = image difference (scaled):
= = d - T T T T 73 N N
whereia _ camera_separation

distance from camera to obgect

The scaled image difference is the only concept in the above formula which
needs exp?anat1on It 15 calculated from-the pa1r of photos wh1ch constitute
the stereo.pictlre. lAssume one wants to find the depth from one point to
another. Measure the distances between the two points on the individual
photographsfwitﬁ a comparator. The difference in these two distances is the
image difference. The image difference needs to be multiplied by the scale
factor in order to have the scaled image d1fference The scale factor can

- eas11y be found from the meterst1ck in the photos. The depth calcutated by
?means of the abave fDrmu1a can be compared with experimentally meashire depths

o

of the real DbJECt 5 ,
The formula for calculating heights in the stereo photos can be derived

<t

~ from the following figure:
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eﬁd:Rjindieate cameras eeﬁafefed’ﬁy some fixed dist%nee__§0ﬁe Qi%hes to )
find tﬁe distenge befiveen the two points A and B. Point B appears to 1ie‘?t’
at B" eccnrd1ng to the right camera. Point B appears to lie at B’ aecording
to the left camera. If the distance from the cameras to the aneet is 1erge
i'; compared to the depth AB and if the ang]e—LRB is approximately a right angle,
oné has a situation of similar triangles. The Fet1cs of these s1m11ar
gtr1an91e5 give the eforement1oned formu]as - .

L rE Ry = =5

QUESTIDN

1. Nhat createe the exaggerated depth of. aer1a1 steree photographe?

2. What is the effect of 1nereee1ng the camera seperet1en in viewing
stereo photegraphs? '
3. Is there a noticeable differerice in the resulting image if the
positions of theindividual photographs are interehenged?s (i.e.),
is it necessary that the picture taken by the camera in the right
hand position be viewed by the right eye and the picture taken in
the left hand position be viewed by the left eye; 'or can they be
interchanged with no effect? . SN

- E




Bslr,

T -.i%%;_g

Technical Note: '?*}-f“?:F - ) L L .// ,

~ Some stUden£§_haybe'éb1e to fﬁse‘thétpictﬁ}es Qitheut‘the aid of
the stere;%éiéwerl- Other students may hever be able to fuse Eh@ imaggs
!wﬁthcué tﬁeééjd of a.s§2?eo'5?éwer; Inability to fuserthé images |
student is ge%é?éT]y a physical eye;defect Known as strabismus;
Equ%pmgnt; , ; ! | ' /
Stereo viewer (Edmund Scientific - $17.00) , /
Comparator ' (Edmund Scientiﬁ% - $24.00)

, : . ) I e
Polaroid camera ($30.00) (Colorpack model) o
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‘ —%S N .The Pinhale Camera
PURPOSE L .
- To. construct and use a p1nhaie camera For photography
INTRDDUCTION

7 This 1aboratory exper1ment is des%gned to give you a cheap thr11]' )
:;“A11 you need is a d15carded, 1noperat1ve polaroid camera ﬁgg an 1nexpens1ve
‘;po1aro1d camera), a roll of heavy duty a]um1num foil, sharp needles’of
various -sizes, a comparator, and pa]ara1d f11m Assemb1ed as éwp1nho1e
camera you have at your disposal & most humble 1mag1ng device wh1ch can
do wonders as it creates unusual and even dramatic effects with today's
film emulsions. o ! Y

Find a beautiful model (yeaf yea!) or a lonesome cow in the undu1ating%
' fescué meadow- (for youifarmerg‘)'or even perhaps the sun setting in the
solitary oak tree on boot hill (for you me]ancho]y poetry Tovers), and

* T ~

shoot-away,as they say in the “westerns

CONSTRUCTING THE PINHOLE QAMERA;,

You can make a pinhole camera wiéh a light-tight box and film sheet;
however, it is easier and the photographs a}e,mdfe reporducible ﬁ% you use
a po1ardfd colorpack camera with the lens and shutfer removed, w5th lens
and shuﬁtér removed, the squaFExopeqing can be covered with ﬁeéby gaﬁge
aluminum foil and taped in place with b1ack_pastic tape. Be sure to check
closely for Tight leaKs by holding up the éaﬁera to the Tight and 16oking ,
inside. After the foil 55 taped fn‘é place, a pinhole is madé in its center
with.a careful prick from the point of a ﬁead?e. It is a good practice

to place a piece of black felt over the entire foil and tape it along the

53.1



usée 1d tripod or hold steady or perhaps tape your pinhole camera

td a tab]e, w1ndow5111 cha1rg§¥%ck ‘or some Dther rigid surface

EXPERIMENTS :
1. ‘Opti;uﬁ,Expasuré Time
of cnurse the expcsure time for the f11m is a funct1on of the light

g
present. For examp1e§ film that would take three seconds expasure time

in bright sunlight might fleed seven seconds e§pasure time in cloudy,.

bright 11ght for optimum expo§u£e Again, as with opt1mum p1nho1e size, .
‘ you will attack the problem w%th the trial- and-errﬂr method.

h Using a pinhole size of Dg25 tb 0.35 mm, try exEosure times of '5

' seconds* 10 seconds, and 15 seconds using BODD speed f11m Which is the

’ ant1mum exposure time?

&
1

2. Dptimum Pinhoie Size : _

. If .the ap. *ure, i}e., the pinho1e; is too large the image on the FiTm’ .
will be bTur*f' oecause the 11ght from the subject is progected along several
pathways cau51ng a series of slightly displaced. mu1t1p1é 1mages

If the pinhole is too small, diffraction patterns will occur at the
edges cau51ng 3 significant degradation of the image resolution, i.e.,
sharpness.

: To find optimum pfnhgle size it is recommended that you make a Tinear
row of multiple pinholes of d1fferent sizes in the same foil and photograph

g

the sun. Use approximately 0.1, 0.2, 0.3, 0.4, 0. 5, 0.6, and 0.7 mm size

k
pinholes. You.will find that sewing needles with gauge sizes_no. 10 (measures
approximately 0.45 mm at the center of shaft), no. 9 (approximately 0.56 mm) ,

- no. 8 (approximately 0.63 mm), no. 7 (ahproximateTy 0.69 mm) or beading
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. cam be used W1thnut the custumahy Focus correction required for cameras
" using lenses. As a result there is a total 1ack of chromatic aberrat1on

The pinthe camera has no focal plane. This is not true for a camera

with a lens. With a pinhole there is a continuous image plane which allows

o the film to be exposed any distance from the pinhole. This will allow you

to enlarge any portion of the image by simply moving the pinhole further
away from the film, The*%mage size will increase'wigh/an increase in the

pinhole-to-film distance.

EQUIPMENT NEEDED:

1. Polaroid camera (approximately $30.00) EDTDﬁpack model .

2. Black énd White polaroid film (approximaté]y;$3.00)z

3. Sewﬁngfneed1és (sizes no. 7, Bgﬁég 10 and beading assgrtm;nts).
4, Heavy duty aluminum foil

5. :B]ack;élasﬁi; tape

6. Black felt cloth

7. Comparator (approximately $24.00)
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Tgchnica1 Notes

The lens and shuttEr can be comp1ete1y remuved fram the Co]orpack »
camera'by remov1ng three screws. The camera _back is then ava113b1e for
_ho1d1ng the po1aru1d f11m pack. The camera front comes off as one piece
and can e3511y be reassemb1ed on the back if desired.

With a pinhole diameter of 0.25 mm the exposure time with 3000 speed
\fiTm s approximately ten seconds. Exposure time will vary reciprocally
with the square of the pinhole diameter, '

- Remembgr that as soon as one film sheet is removed from the caméra,
- the next is ready for exposure, so the pinhole must remain covered until 3

-

you are ready.
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Y~ . TELEVISION OPTICS - e

L

Objective . 3 .
' The objective "of this experiment is to demonstrate some of the
capabilities-and Timitations of television systems in the formagion of
images ‘and reproduction of; caiors

Equ1pment Required e .
A monochrome (black and wh1te) teTev1s1on camera w1th zoom lens,

a color television camera with zoon11ens, ca]ur television monitor,
slide projector, diffraction grating for pro;ectar, printed spectrum -
“chart, flood 11ght5 ’
Procedure » L
- Imaging: ‘ ,
The televisioh camera can be likened to an ordinary camera in
‘a which the film has been replaced by the television: photosens1t1ve tube.
The image is seen 1mmed1ate1y on the screen of the monitor (or receiver)
instead of on a photographic transparency or paper. For our purposes here,

the 1mmediacy of television is a great advantage. It allows us to
‘see what image is being formed by the system without waiting io process
the film. )

- The Zoom lens: : a ’ g

The zoom lens is a combination of lens elements which can be moved
relative to each other to allow a continuous change of the effective focal
length of the lens. It allows one lens combination to perform the function
of several different lenses without the necessity of changing lens.

Lenses are characterized by their focal length. A small focal, length
lens gives a wide field of view and is ééi]ed a wide angle lens. A Jlarge
focal Tength lens gives a smaller field of view and is known as a telephoto
lens. - ' )

Set the camera lens at the position of greatest focal length. Aim
the camera at an object across the room and focus the image. Do not alter
the zoom (or focal length) while adjllsting for sharp focus. Without

changing the camera position or focus rntate the zanm rantral clawlv fa
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‘15 happening. . When you have reached the max1mum refocus to aga1n get a
- sharp image ’ ’

The depth of field is the range of distances from the camera that
an object is in.focus for a part1cu1ar Tens and focus adjustment. Measure
the depth of field of the”zoom lens at maximum, minimum and midway between
5ett1ngs of the effective focal Tength. Dc this for best focus distances f
of 2 meters and 4 meters. ‘ )
Apérture and.Lighting: ' ) N
N If you can do so, vary the: 11ght Tevel Erom just enough for the
camera to operate to very bright. Natch ‘what haﬁpéns to cgntrast sharp-

. ness, and depth of field. These Effects are due to the decreas1ng size
of the aperture witﬁ increasing light. A smaller -aperture reduces the 7
area of the lens that is being used and minimizes the abberations which »

E ]

-

8

S VCDIDF:. .

Make a slide which is opaque except for a central slit 5 to 10 mm
wide. With a slide projector image the sijt on the screen. Place a good
diffraction grating right in front of the projector lens and adjust it to
givéva good spectrﬁm on the screen. You will need a very bright projector
and a very efficient grating in order to have enough light for tn1s
experiment. . ‘ .

Look at the spectrum with the color television system. Compare ”
what your eye sees with what the camera sees and reprcduces :

’ Next, look at.the pr1nted spectrum Wwith the color camera. Compare
how it looks to your eye with the television p1cture Vary the intensity
of the 111um1nat1ng 1ight to see what effects that has on the television
picture.

Repeat the observations of the real and printed spectra with the
monochrome camera. [f possible use the monochrome camera to examine the

“monitor image géﬁerated by ‘the color camera.

uestions :
1) When photograph1ng or te1ev151ng a.scene in which the focal 1ength of

the 1ens will he chanaed. whv is it annd nractice to 7nom in clnse
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3) Hhat colors -of 1ighi-daes the ca1nr te1e¥151an camera respond to? = &

The menachrgme camera? _ : 7 L v .

4) How daes the color television system repraduce colors 1n fhe }1ght
reflected from objects, especia11y colors that are not we11 reproduced
~from the spectrum? ‘
Teghnical Notes .
Thg spectra requ1red in this exper1ment need to be very bright
in order to-be seen by the television cameras. We have been successful
by using a lantern slide projector with a 1200 watt Tamp as the source.
The s1it width of 10 mm is adequate. ' The grating was from the Educattion
Absorption Spectra Kit Manufactured by Bausch & Lomb, cat. no. 33-80-10
. (approximately $50.00). This grating provides about 200 times the in-
tensity of the cheap (25¢) gratings. -
A satisfactory printed reproduction of the spectrum is available
" from Kodak for $1.00. Ask for spectrum reprint H7-42. A
If the television equipment is unavailable, or as a further inquiry,
this expériment}can be carried out with a super g movie camera and p}o—
jector. If this.is done it is instructive and interesting to compare
“different films. The spectral responses of Kodachrome IT (KA 464) and
high speed Ektachrome 160 (ELA 464) are quiterdifférénﬁ and are interesting

to compare. ot

%
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‘g _ Idght Sources and Color

i - '
Pulpnser To observe changes in the colors of objects when
they are illuminated by a varlety of light sources

- Introduction: Color pigménts reflect some wavelengths (colors)
- of 1light and absorb others. The reflected wavelengths '
all combine to yield the observed, color of that ob ject, /
. A wnite light source emlts all: the colors of the spec trun,
sunlight and most artificial 1ight sources give a full,
.spectrum of colors. The relative intensity (brightness)
,of each color devends upon the kind of light source. <.
. Some other tynes of sources do not emit a full svectrum.
Using a grating spectroscope - which is an instrument that diffracts \
each color of light through a different angle= one can see >
the color spectrum emitted by the source being observed.
The relative intensity of each wavelength of light
reflected by an object and, therefore, its color devends
upon the character of the spectrum ot the light 11luminating
it. : y {

Candle light is deficient in blue and vi?figglightj'
S0 an object illuminated by a candle wil refled§ relatively
less blue and violet than red and yellow; and the object
will have a "warmer" color. -

Neon gas lights, sodiunm vavor lamvs. and mercury vanor
lamps do not have a continuous spectrun of all the colors.
- They have only a few bands of color in their emission s»ectra,

Fluorescent lizhts huave a bright band svectrum combined
with a continuous crectrum frowm the nhesnhor vowder inside
the tube. ,

The human eye adjusts to these color shifts to some
e<tent, aand they are not always nosiceable. Color filrm,
1s more sensitive to these color shifts and allows one to
corrpare directly the color of an object photoaranhed under
different lizht sources. The 3implest way of indicating these
color shifts 15 the conceot of color temoerature.

npparatus: Polaroid camera. (Colorpack II, approx. #25), Polaroid
color film (approx. $ii), reter stick, simple grating W,
spectroscove, deveral light sources (sunlight, fluorscent
light, incandescent bulb, photoflood lamp, candle, mercury
or sodium vuapor lamn, etfec.), gclssors, large paintine or
print with a full range of colors{Polaroid cartera box h-s
a nice spectrum chart), - ‘

= N ~
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Procedure: Using the Polaroid carera and color film, photograph
- a large painting or an arrangement of several small palintings
that have a full range of colors. Make' these photographs
with different sources of illumination. Be very careful

- to eliminate light source glare as seen by the camera. Use
the grating spectroscope to obse¥®ve the color content of
each licht source. Trim the white border from the edge of
the prints to eliminate a white reference source. - Label .
- each pnotograph and compare the effect for each .light source.’

Questians: How does the color coiitent of a lirht source ehéﬂga
the colors one observes? “hat colons ard lost and what colors

are enhanced by each source? ‘What light sources are best for
an art gallery? Can one determine (predict) how colors will
appear~When illuminated by a particular light source by
‘ studying the spectrum of that source? Is there a correlation
“between the "temverature" of the light source and the ‘overall
color shift of the vhotographs?

L
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. Notesa ta the Instructgr‘% Palarcid Cclorvack II camera can be - .
used in ‘this e;periment and also in the piﬁnclﬁ camera’ex-"~
veriment. It involves the removal of only ‘three screws and
is easily put back together. Discount stores usually have
ti:ese cameras: r'or abcut $10 less than camera stores. .

The fluorescent lights already in the 1lab are the. bestf
source of fluorescent 1lizht. A slide projecton; withgut an
slide of course, is also a good source. If necessary, .you"

- can walt until dari and use the mercury vapor lamps outside.
The exposure for dim light sourees will be long in time so
& rizid support 1ls needed for the camera during the a?nasure,

Hints for Obtaining Good Phat@mraﬁh Set correct lens distance

' for proper focus. Set film 3peed on ca’era to 975, For
low level illimination, use a rigid supvort for, the camera
to avoid blurred ohotograohs. Adjust the light’sensor on
the front of the camiera to 1li-hten or darken the pnoto~raoh
for correct exposure. Do not cover the 1i- sht sensor or allow
tne light source to shine dlrecglv into. the sensor.

Referencesg "Calaur, Its Principlés and Applications" PFrederick
' W. Clulow, Fountain Press 1972.
"Colour Science" W,S, Stiles and &. Wyszecki, Wilay 1967.
.~ "Color as Seen and Photographed" “Kodalt pamphlet - ?4 ?1

Kodak pamnphlet %H'?LLE wle o .
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Extra Project
1 A blazed grating (Bausch and Lomb.Cat. Ho. 33-80-10, $47)
- nt

t. Q.
and a projector can be used to produce a brilliun anectrum.

I Make a slide that has a single slit appr
wifle 2d Inzevt 145 into the projector. Fl

. in, front of the lens and nroject the snect
or large white surface. Use the Polaroid c%ngra t@ phat@graﬁh

this spectrum.

+~‘~ .

Questions: Why are only three coloras recorded by the
photograph? HDJ 1s it nossible for the film to record a
yellow object as yellow even though the film does not detect
yellow wavelengths of 11ght?

s,

II, Take three siall front surfgce mirrors and place them in
tne spectrum. Use them to reflect a narticulor color of the
spectrui onto a screen or wnite sheet of paper. %,

Use two or tiwwree mirrors at the same tine and overlap
three reflections to generate other colors.

Questions: Can you geb all the secondiry coldrs? Cs
(et white? How many colors must be nadded to get whit

»m ‘_ﬂ\
w3

you
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AUDIOMETRIC MEASUREMENTS

EQUAL LOUDNESS CONTOURS

65.1

*  The purpose of this experiment is to plot equal Toudness (Fletcher-
. - .

Munson) contours for your ears; Note that the curVesipresented in text-
books are "typical" curves, but your own psychophysical response may be
different.

Procedure: !

1. Seat yourself about 5 or 6 feet from a 1oudsgeaker with your [
back to the speaker. Place a sound level meﬁer directly behind your head
so that it can be read by your partner. Have him provide you with a
1000 Hz tone of 50 db (on the C scale). |

2. Have him a?ternate]y-swifch from the 1000 Hz tone to a 500 Hz
and adjust the latter tone louder or softer unti] it appears to have the
same Toudness as the 1000 Hz tone. Measure the Sound Pressure Level and

record on a graph. Repeat at frequencies of 60, 100, 200, 2000, 5000,

10,000, and 15,000 Hz. Draw a smooth curve representing the 50 db loudness

contour (points on this curve are said to have a ]oudness of 50 phons).
3. Repeat for SPL's of 30, 70, and 90 db.

4. ‘Change places with yoge partner and help him make a similar

graph/for his hearing. Comparg e._two graphs.
PURE-TONE HEARING THRESHOLD
A clinical audiometer, such as the Beltone audiometer, zsﬁiost

suitable for Lhis part of the experiment. but in the absence of this, a

pair of head phones connected to an oscillator via a switch can be used,

AV U Level meter is also required. Most tape recorder amplifiers have

such meters, which can be used in series with the oscillator. The head-

&

phones should be the best acoustic type, which completely enclose the ears,



and reduce ambient naise,,and the subject must be §1aced-in a low-noise
env1ronment Furthermcre, it should bé noted that the headphone - head
enclosure is resonant, as can easily be seen by varying the oscillator
frequency at constant amplitude, when the subjegt will hear a series of
}1oud=soft tgnesg?aThis-may be avoided by using 10ud§peakér5 in a small
anechoic chamber ) but otherwise, try and avoid resonant frequencies.
The switch should be quiet, such.as a mercury sw{tchg'and a large resistance
may be neceésary in series with the headphonés to reduce the intensity to a
Tow enough value withoutbpiikup or *hum being audible.
Procedure: . BN

There are various-psychcphysica1 techniques that might be used for

determining thresholds with a manual audiometer, but the technique recom-

oy e
it

mended for these measurements is described below:
1.  Give instructions to the subject regarding the test procedure
<o that he knows what to expect and how to respond.

:EZ_ . Set the test tcnnge1ector at 1000 Hz and theyhearing level
control to its 10we5t setting and ‘the tone switch to thernprmai1y off
position.

3. Place the earphones carefully over the gubjeét‘s ears.

4. Slowly increase the hearing level control while holding the tone
switch down (tone on) Lnti] theésubject'respands by raising his finger.

5. Tu;n the tone off and on again to beé sure the subject is
responding to the test tonc. . o

6. After this level is established, lower the hearing level control .
10 dB with the tone off and, at this point, use the tone switch to present
a 2-second tone to the subject. If the Subjéitidges not respond (a mnay“

response), increase the hearing level 5 dB and present the 2-second tone



again. The subject may respond at this point (an "aye" response). De-
crease the level 5 dB, where the subject should repeat a "nay" response.
Once more 1ncrea5e the 1eve1 5 dB, where an ”aye response would complete

a series of 2 “aye" and 2 "nay" responses. The pure -tone threshold is

taken as the hearing level control setting for the "aye" response. If the!

subject does respond at the beginning of this step when the hearing level
control is lowered 10 dB, the 12ve1xshou1dlbé reduced in 5 dB steps until
there is no response, and then repeat the threshold crossing procedure to

establish the "aye" response threshold. .

7. Repeat for test tones at 125, 250, 500, 2005; 4000, and 8000 Hz.

8. Make a graph of threshold as a function of frequency. Is there

evidence for significant hearing loss?

65.3



APPENDIX

[

1. Musical Combination Tones and Oscillations of the Ear Mechanism -
Olson D 37/7/730 (69).

2. Culvert Whistlers - Créw%ardfF S 39/6/61 (71).

2
,

3. Angular D15tr1but1@n of the Acoustic Radiation from a Tuning Fork -
Sillitto R M 34/8/639 (66).

4, Chirped Handclaps - Crawford F S 38/3/378 (70)N.

5. Some Observations on Variable- -Geemetry Phase Methnds of Measur1ng
Sound Wavelength - Romer I C 38/4/534 (70)N

6. Ve1DC1ty of Sound in ATF - Redding J L 34/7/626 (66)L.

7.  An Undergraduate Experiment on the Ana1y51s and Synthesis of
Musical Tones - Kammer D W, Glathart J L 38/10/1236 (/0).

8. Designing an 'Acoustic Suspension' Speaker System in the General
Physics Laboratory: A 'Divergent' Experiment - Horton P B
37/11/1100 (69).

9, Diffraction of Spark- Produced Acoustic Impulses - wr1ght W N
McKittrick J L ,35/2/124 (67

3

10. Measurement of Reqerberat1an Time - Aitchison G J 33/6/493 (65).

11. A Direct Measurement of the Speed of Sound in Rods - Ames 0
38/9/1157 (70)N.

12. A Direct Mea;urement 6f the Speed of Sound - Manka C K 37/2/223
(69)N.

13. Measurement .~ the Velocity of Sound in Gases - Wintle H J
31/12/942 (63)N.

14, 315. Acopstics for Music Majors - A Laboratory Course - McDonald P F
40/4/562 (72). A ’ :

15. Ultrasonic Transducers for Interference Experiments - Correll M
32/8/i1i (64)N. - :

16. Frequency and Pitch - Schwarz 6 32/2/xiv (64)N.

17. High-Frequency Transducers o Measure ‘pead of Sound - Sachs A M
31/1/xiv (63)N. : ‘f
18, 1200:1 Lehiste, Ed, Readings in Accustic Phonetics - Josephs J J

36/2/172 (68).
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F. Winckel, Music, Sound and Sensation, A Modern Expos1t1on -
Josephs J J 36/4/375 (68).

110: Oscillations of a Circular Membrane - Manzer A, Smith HJ T
40/1/186 (72).

How Often Do Beats Occur? - Ciddor P E 37/5/561 (69)N.

Classroom Demonstration of Interference Phenomena Using a He Ne
Gas Laser - Shamir J, Fox R 35/2/161 (67)N. x
Surface Vibrations -of Liquids - Ramanadham M 34/6/538 (66)N. jf

DemdnetretienSwgf Waves on an Air Track - Howland L P 33/4/269 i§5)i
A Sound Pipe - Daw H A 36/11/1022 (68)N. |

Acoustical Interferometer for 'Open Ended' Laboratory Exper1mente -
Boyer R A 34/10/946 (66). _

Experiment for the Study of Acoustic Wave Phenomena - Wright W M
38/1/110 (70)N.

A Direct Measurement of the Speed Df Sound .- - Manka C K 37/2/223
(69)N.

A Simple Velocity of Light Measurement for the Undergraduate
Laboratory - Smith R V, Edmonds D S 33/12/148 (70)N.

Direct Determination of the Speed of Light as a General Physics
Laboratory Exper1meﬂt - Cooke J Martin M, McCartney H, Wilf B

36/9/847 (68)N.
Driving Mechanism for Waves on Strings - Meeks W 33/4/340 (65)N.
Simple String Driver - Nahshol D BJ/TG/SSS (65)L. \

Melde Experiment Viewed with F]uereeeent Lights - Ficken G W
36/1/63 (68)L.

A Stroboscope for Corridor Demonstrations - Roes1ng T D 33/6/v
(65)N.

Acoustical IﬂterFerometer for Open-Ended Laberetory Experiments -
Boyer R A 34/10/946 (66). .

Beam-Scanner for Experiments in Optics, Acoustics, and Microwaves -
Syed B A 35/6/538 (67)N.

Simple String Driver - Nahshol D 33/10/856 (65)L.

A Determination of the Speed of Light by the Phase-Shift Method -
Rogere J, McMillan R, Pickett R, Anderson R 37/8/816 (69).

A Pedagogical Measurement of the Velocity of Light - Tyler C E
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Appendix 2
Simple Experiments

ks

Igtr‘fqductiqr;

Even-in this age of atom bombs and rockets, schools stilT have
difficulty finding experimental equipment for their students. The
following experiments were put together to see what could be done with
the simplest, Teast expensive materials. The equipment can all be pur-
chased at the nearest dime store - not even a stop watch is required, nor
are you exhorted to "go down to the junk yard and pick up a 2000 volt
transformer" as is done in some books requiring economy. In spite of
their simpTe nature, the experiments are quite meaningful, and demonstfg%e
fundamental physical laws in a practical way. .

Equipment :

The experiments involve only common rubber bands (about 3" x 1/16",
if available), cellulose tape (the cheapest, clear half-inch kind), regular
paper clips (#1 are best), styrofoam or Dixie cups, and drinking straws
(plastic, and pre%erab]y translucent), glass marbles, paper, blackboard
chalk, a foot ruler with a groove down the cenfer, provided to prevent
the pencil rolling off the desk, coins, a pencil and scissors. It is a
good idea to collect these simple items and keep them in a box, so that

they aye easily available.




Experiment450: Longitudinal Waves

Materials: - rubber bands, marbles, paper clips
Instructions: - The aim of the experiment is to construct a device along
which Tongituiina] waves travel slowly, so that the‘mction may be followed
in detail. Connectsixteenpaperﬁé{ips~in a string using sixteen rybber
bands, to provide a weak restoring force. To slow the Tongitudinal wave,

attach two marbles to each paper clip with cellotape.

BAND CLIP CELLOTAPE  MARBLE
" Now, attach both ends to a firm anchor - you can faster one end to your

desk, and hold the other with: your 1eft hand. N1th your right, pull

back the last marble and release.
c € -PULL BACK AND RELEASE

;;f

watch the compressive pulse travel along and be reflected. We call
it compress1ve because each marble moves in the directiohithe wave travels,
pushing the one ahead. After reflection; is the pujse cqmpréséive? Itis
often difficqlt to follow Eii pulse down the string, but if you watch the
end marb1g éigse1y; you wif? see it jerk. backwards and forwards ggéh time the

; T Vet F

pulse passes. £

A rarefaction occurs where the marbles move in a direction opposite to
that in which the pu?ée travels - so if you move the marble away from your
left hand befére re]eaginggryau get a rarefaction traveiiﬁg down the fyftem
éound waves in air are composed of successive compressions and rarefact1an§
You have looked at reflection from a f1xed end’, Sucﬁ reflections occur with

sound waves in organ pipes c]osed at one end. Standing waves are built up in such

N = i _ _— _ I P T o
pipes. You can simulate such a standing wave bv movina tha hand hald€n’ s




near the far end must be stationary. This is called a node. The marble
in the middle moves rapidly, which is c%i%gd an antinode.

Y
2

To examine what happens if We have an open organ pipe, attach.threé
or four rubber bands without marbles or paper clips between the far end

of the string and the table.

7 LAST MARBLE SEVERAL RUBBER BANDS
Now, if you feed in a compressive pulse, is it reflected as a compression

or a rarefaction? Try producing standing waves  You will find the end
marble, which was stationary, now moves more than all the rest - so what

. _ - . . : - ' s o TR _
was a node for a closed pipe, is an antinode for an open one. This ar-

rangement can also be used for transverse waves, but the soda straw device,

mentioned elsewhere, works better. ;
Torsional Waves
If the device is hung vertically from a support, torsional waves may be

7
gen€rated by rapidly twisting the lowest rubber band by rubbing it between
the thumb and forefinger. The bottom clip and marbles spin rapidly, and

3=apass this motion very slowly to the top of the chain. Here the pulse’

which reflects Tike an open ended pipe, the marbles continue to spin,
and wind up in the same sense, the pulse again traveling up the chain
and reversing at the top. TFhis proves a dramatic demonstration of the

difference between reflection at an open and closed end.

shnin vanidlv

4




O

ExperimentA£)Transverse waves L

Materials - Cellotape, about two dozen drinking straws, paper clips.

=

Procedure - Attach one end of the c¢ellotape to the table top, pull about two feet &

off and let it hand down

TABLE TOP

Place one paper clip in each éﬂd‘ﬁf each drinking straw

Stick the center of the straw at one inch intervals alon¢ the cellotape, until

you

/

e

S
b> ,f

have about 24 of them attached. MNow, looking chd an at the straws, pull the
cellotape reel, to make the striptant, and give the bottom straw a tap. You

will see a transverse wave.



pulse travel up the strip, and be reflected at the top

" === TABLE — A—

w  REFLECTED
* " PULSE

"STANDING
WAVE

You may induce standing‘waves by rotating the bottom straw too and fro
- with the right period. If you unreel a length of tape, you may study reflection

from a free end, just as you did reflection from a fixed end

3 T PULSE REFLECTED
i =]+ SAME SIGN FROM
o =" A FREE END

PULSE —__

Aﬂﬂ [0 o euus

al
k]
ir}

——

LENGTH OF TAPE
; -

/

REEL HELD ' ,
UNDER TENSION — |(@&~— =

For the last foot or so of the tape, put two paper clips at each end. Now you

=3

can study the reflection of a wave traveling from a less dense to a denseg medium

(top to bottom) or vice versa (bottom to top). Note how, in each casegfgart of

e BV ke d mh dlm fehccamekdism. Rk dw mmA maen 4+ ~hanfas edan [Rrhaca)

F T £



and in the ché_r case it does not.

&
§

TRANSMITTED ]\ .| LESS DENSE

PULSE \

REFLECTED | -
PULSE S DENSE

INCIDENT WAVE
DIRECTION

TR
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Experimenif\SfThe Law of reflection of 1ight. . iy
Materials: - Two dixie cups, soda straws, strihg, ce]i@tape!

Instructions: -

! dhgle of angle of
Fff . ,string . \ reflection  .incidence
S S :

&

&

y fsi/ )
%i;!,_ ‘ L
\‘x o . )

~ o e
) Fo o~ image of lip
\\‘L/
e ) _lffsf**"“‘%a\\ ) straw

| N

: g§g;*)l_, —point where string
. enters water

Make a mark, as close to the center of the Dixie Cup at the inside of

the bottom as possible.

__ —=Mark

Make a small hole, tie the string around the center of the straw and
pass the string through the hole, pulling and tapiﬁg
over the bottom, so water will not leak-gut. Adjust the straw so that

P’

the string is exactly vertical. NDWfﬁDGP a little water in the cup, and Took at




reFTectiQ; of the far Tip.1is exactty on the rear 1ip. See if the string
enters the water at this point. Examining the figure, yol can see that
if’this is so, Ey symmetry, the angle of incidence on the water is equal
to the angle of reflection. You can tilt the cup a little to adjust unt11
where the string enters the water does 1ie exactly on the near ]1Pa and
the reflection the far Tip. Now, pour in some water, and repeat

the experiment. This increasejthe angle of incidence. Repeat for
several angles of incidence.

Qualitative Questions: - What does this show about the reflection vaTight?
.Quantitative Quéstions: - With what aﬁcuraCyvhave you shown the ang?é of
1nc1dence is equal to the- angle of refiect1on? (estimate thiS‘FFDm the

tilt you gave the cup) 10%? 197 or 1/10%7



.

»The refract1ve 1ndex of water

1x1e cup Oas_zeepgas possible); penc%], ruler

ualitative - Place a penciT in-water in the cup. Not1ce it appears bent as

. it enters the water. Th1s is because the 11ght trave1s more slowly in the

water, and rays of light are bent as they leave the water surface

Quantitétive : Draw a line straight across the middle of the dixie cup inside.

Fill the cup to the brim with water.

SEEN FROM ABOVE

Place a pencil point against the outside of the cup where the Tine appears to
be and move the head up and down. Adjust the pencil until it is at the apparent

~ depth of the line. ’ e

Make a mark bn the side of the cup. Measure the distance from the 11p to the

mark and tD fhp hﬂf‘fﬁm whevs tha Tina wae Awvain




SEEN FROM ABOVE

What we learn

PENCIL TOO HIGH ' PENCIL TOO LOW

PENCIL JUST RIGHT
(NO PARALLAX)

The refractive index is the ratio of the sine of the angle of incidence

to the angle of refraction. For small angTés, this becomes the ratio of

the angles, as shown.

AIR

SURFACE

LINE

i/r = dp/dy

-]

Hence, the ratio of the depth from the brim to the line drawn in the cup, to

the depth ‘of the pencil, is equal to the refractive index, which is 4/3 for water.



Experimentss - - OpticsEPgsitivé and Negative Lenses

Materials - Cef]atape (clear), soda straw, water

Ppg;eﬁurg;i~5§ick a piece of cellotape flat over the end of a soda’straw and
cut a plece 1 ém (abaﬁt 1/2 inch) ]éng fiém that end. Place the ceiTotape
over some object - a fly, or a printed Tetter - and fill the piece of soda

Straw, using the longer piece sucked full-of water

CLOSE OFF END gs‘%§%s

WITH FINGER !
I 4
. } .
f :
PRESS TO PRODUCE DROPS , _WATER MENISCUS

< STANDS HIGH

\%‘*cbjeét ¢

 CELLOTAPE
Make sure the meniscus stands high oﬁ the straw. Now, Took down through ch
straw. You will see a magnified image of the ijeét underne§th. As the water
leaks out of the bottom‘(or, you can soak up a Tittle with toilet paper) the
meniscus changes shape,r When it stands h1gh we say it is conveyx ., Hence,
a convex lens can magnify in the same way as a magn1fy1ng glass , produc1ng an
image Jarger than the object. As the water leaks out, the surface caves in,
and we say it is concave. Look at the object through the water now, and you
see it appears much reduced in size 1ike Tooking through the wrohg end of a
paig of binoculars. Concave lenses there%ore give an image reduced in size.
what‘do we learn?

Convex “lenses (bowed out) magnify

ualit

tive -

Concave lenses (bowed-in) give images reduced in size



. ';\‘*,_ 3 H

Qg;g;j;g;jye§s!Theyray trace of the system is shown below "~ (s

=

— —%ADIUS OF . SURFACE

4 NO MAGNIFICATION

- LARGE VIRTUAL' IMAGE

u - the refractive index,
the ratio of the speed V.
of Tight in air to that L— —— —

in the medium.

FLAT ' -

\\\ SURFACE

-+—IMAGE OF

Look at the little square'beicw through the water Tens. When the meniscls is

&

convex

it looks like

a |8

This is known as barrel distortion, because the square image is distorted to look

like a barrel,

Distortion of this kind occurs with all lenses having spherical



4

- surfaces, such as this. When the lens becomes concave, the ‘distortion

.chénges_and becomes pimcushion distortion, so

_' =

£

Expériment - Réaiziméﬁes
. Y C o

3

- As for previ

= f : -
Materials ous experiment, straw, water

=

- Take the water lens from the previous experiment, and fill it until

the surface is}convex (bulges out). Now, hold the lens vertically under the
room 1ight, a fdw inches above EAShEEt of paper. Move the lens up and down
until you get an image or picture of the 1ight on the sheet of paper;%“Bécggse
it actua11y.]iesloﬁ the paper, this is called a real image. The image is &{s!
tinct, but not very clear. Notice as'water leaks out, (or if you éoak up a
Tittle onitoilet paper) the image gets farther away from the lens. We say

the focal length (the distance from the lens where a point very far away

focuses) is increasing. Notice also that, as this occurs, the image gets

bigger.

What we lec n 4
A convex lens can form a real image, as shown —
In the case of our water Jlens, where the bottom

surface is flat, we can calculate the radius of the

top surface from the formula for a thin lens-

= (u-1) 7

1y
U

<< |

where py = refraétive index of water = 1.33

\
u = distance of object from lens

‘ ‘ \
- v = distance of image from lens \

vadiiie Af Fiiwustinwa A€ tha . o= \

[ SR




: Expgriment&Sﬁ:ra,Eﬁergy Conversion TriboTﬁminescénce'"(
~ Materials: . - Cellotape T,

Take a roll of cellotape into a very’aark room. Rapidly pull a little off .

the roll. Where the tape pulls off the reel, light is given out. However, it
- - = : i .

. is a weak source, and for such sources, the outer regions of the eye are more

sensitive, sa do not look directly at the roll, but about a foot or two away

(

from it. What color does it appage]

Qualitative: This effeét is knawnbas "ﬁribaﬁuminescence" see “The;F1ying
. Circus of Physics" G- .

The bluish .olor arises because the rods of the eye are more sensitive to
blue light, so all dim illumination appears bluish, since thg rods are very

sensitive to weak light.



EXPERIMENAST Refraction of particles

L
¥

Materials: Chalk éust, cardboard, marg1e,‘ru12f, pratracier (Frcm expt. 2)

Method: - Fold about 1" down the middle of the sheet of cardboard, as shownl;

and place the top part on a book. Dust chalk over the surface.

RULER

BOOKS

Now roll the marble over the dust, down the ruler, from the same hé%ght, but -
. in different directions.. ' :
Qualitative: Does the particle bend. in the same way 1i§ht would in going from
air to water? Do you think light c041d be a particle, 1ike the marble?
o , ] ]
Quantitative: Snell's law states
sin i
sin r
Is this true for the trajectory of the marble?

const.




_.Expeﬁrriéﬁtﬂ 50the rubber band gu’% tar
: 'Hateria]s‘,— soda straw, rubber band, cardbaard ‘ S = é?’g
Instructians - stretch the rubber band’ over the straw as shnwn (the ends t:ﬁ”‘I

' the straw may be notched) A small p1ece GF straw acts as a br1dge A
. - ,

piece of- cardbnard

~Jhese supports should

_ -7 be pushed in until the
- / upper support does not
r. collapse the card

Does the guitar sound louder with or without the card in place? -~
Starting with the open band as "doh", place your finger on the band to
shorten it, and‘%érk on the straw the position of the notes of the octave.

Are they equally spaced? Measure the distance of the marks from the

bridge. Now divide the doh length by

length
%

the ra length, the #é'by the mi, and so on. Tighten the rubber band. a Tittle.

Does the pitch go up or down? -
Note: If you stretch a rubber band between your fingers and pTu;k it, it may
=
go up or down in frequency, or even stay the same, as it is stretched. Think .
how the frequency depends on length, tension, and mass per unit length of the

string to explain why this is. T




Qualitative: - .You have seen how the pitch of {5p1uekeéeetring depends on
its length. How much shorter must a etring be to gfig the octave? The

pitch also depends on the ten51nn on the string.

Quent1tax1ve The rat1c of 1engths, for successive- netes, sterting*w1th¥de,
should be -89, -89, -95, .89, -89, ’

Yeu will find this also on the éuitar, noticexthat the big gaps are where the
Esemitones (b{ack keys onse piano) fit in. If you put in the eemrtone, the ratio
is e1ways .95 (17/18) between successive notés, leading to a ratio of 2

-

. for the dctave.

¢ . .
Arrange\the’briege half way along the string. The;two halves give the
same notes (UhiSDﬂ), When the ratio is 2:1, the octave is heard - '
3:2, the fifth and 4:3 the fourth. Such retiee‘are pleasing to the ear, and
called coﬁSQﬁEnte Eythagcreane thought these ret1os had a myster1e?1

significance.



Experiment?h1 ¢ The Way the Tensianiandrgengfh of a Plucked Str{ng,AfFectj
N its Pitch. . e }
. Ha;eri?]s: Two s%yrafgém.(ar Djxie)?éups, string, marbles and a'ruiéri
| Procedure: Hang one cup fronr the string; as shﬁw;, passing the'f%riﬁg through
- holes poéed in the top on épposite sides, and pass the other ‘end of the
string through a small hole poked in the bottom of the other cupf Tie small
knots in the string.five inches, ten inches, and twenty inches from-A. Put

ten marbles in the cup and pluck the string. Hold your ear over the cup, and

g
/MARELES g :

- L)
e e

‘you will hear a clear tone, the étring vibrating between A and B. Now, pull
the string up until the 5 inch knot is at B, and pluck again, noting the pitch.
Drop to the 10 inch knot and pluck again, and the 20 inch knot. Does the
pitch drop an octave in each case? If it does, the frequency also drops by a
factor of two each fime, since it is known, and we must assume that a note

an octave higher than a second note. has twice itc Froaioncu



Lal

Now set the string at the 10 1nch knot and pluck it. Add ten more
marbles, and drop the string until 1t gives the same pitch as before. Measure-
the few length of striﬁg from A to B B, u51ng the ruler. You can go up and down,
adding and taking away ten marb]es unt11 you get it right. What is thé%new
length? 1s it tw1ce the old Tength? No, it Js much 1255, showing that if you
dnub1e the tension§ -the frequency gaes up less than twice. In fact, the fre-
quency should be prcport1ona] to square root of the tension. Now, we doubled
the tension by putting in twice as many marbles, so the length of string i
should be v 2 larger. vZ is 1:412, so the new length should be 14.12 inches.

Find the Tength having the same pitch for 10, 15, 20 and 25 marbles in
the cup. Put the numbers in the table below. Do they agree with the calcu-
lated values? If so, you have shown that the square rDot'of the tension is
proportional to the length of string for the same pitch, and we deduce that,
if we keep the string the same length, the square root of the tension is
proportional to the pitch. So we need not tw1ce but Four times the ten51an
to make the pitch increase a factor DF two, i.e. an octave. Try this out by

putting as many marbles as possible in the cup, and’ then reducing to one

juarter. Does the pitch drop an octave?

ﬂNumber of ma;g%es 7fﬁiégé?g'h 3.16 x voumber Exﬁé;iméﬁfa]
. N ____|length, inches
10 3.1622 10
15 3.8729 12.24
. 20 4;472 ' 14.142
25 5 - 15.8




What happens to fhe pitéh with a thick string? Attach three strings to -the
«  top of thé lower cup, with, say tweﬁty marbles in. Pluck the string. Now, spin

the lower cup. The three loose strings will wind around the one taut one, so

it is four times as heavy--the mass per unit length is four times as great.
Again pluck the string. What happens to the pitch? Take out marbles unti]
you have the same pitch as before.

Question: How many marbles must be removed? Is the pitch proportional to

X 1
1/mass Zunit length or Jmass/unit Tength




ExperimenthG2.  Waves in Pipes | {

Materials: Soda Straws

- Procedure: Take two strgws. Cut one in half.

Blow across the end of each

» tybe. How does the pitch of the Tonger tube:compare with the shorter:

1. Does the pitch go up or down with the Tength?

2. Is a pitch change of an octave or a fifth gjyeﬁ'by aQTEngth

of a factor of two?
Close the bottom end éf the smaller tubggwitﬁ
the top end. ’

3. Does closing a pipe raise’or lower

one finger, and again blow across

its pitch?

, , -~ o
4. Does its pitch change by an octave? Is its pitch the same as an

open ﬁipe twice the length?

’ / —

-

‘The closed tube.has a node at one end, anpd it

Wz
%  CLOSED

fundamental node is one quarter

ut of the open end, the




motion diminjshing until at‘thegfar end it is zero. The open tube has a node

at the center, and is half a waveieﬁgth Tong.

To determine frequengy threshold of hearing, cut a straw into shorter
and shorter lengths until the frequency can no 1Qnger be heard on blowing

across the top. The upper frequency is about TS,DOD Hz, which is produced

F

by a straw .41 inches long, roughly half an idch.

ot
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Experiménﬂ;gﬁ Mgsjcé1 Instruments using’reeds!

¢ MatEfia1§f paper and scissors
Procedure: ‘Take a six to 8% inchlsquare of paper and fold a]gng'one diagonal,
Then open out aﬁd proceed to roll the paper tightly around a pencil from one
end of the diagonal crease to the other end, so that the diagonal rolls along
itself as shown %n the figure. If a six sided pencil is used, do not wrap |
too tightly, or the pencil will not come out. When completely rolled it should
Took like the lower figure. Push the pené%] out and paste the last fold at A.,
or hold it in place with a rubber band or strip of cellotape. The ends of the

roll will 1ong1ike the figure below. .

#

/

Now from point marked 0. at one end cut away on each side, in direction
indicated by the small arrows, until the end picce may be opened out into a
triangle shape C. The cuts must he ot vight angles to the main voll and are

each a trifle over one thivd of the circumference of the rolted tube. Now

QU




fold the triangle piece at right angles to the tube so thif it forms. a little

cover over the endi (see ®igure below). Trim away a smaf?fpart of the triangle

on each side along the dotted lines indicated in sketch, but do not trim too
‘CTDSE, Now place the élher end of-the tube in your mouth, and, instead%QF b?;@ing,
draw in your breath. This action will cause the Tittle triangular papéer 1id

to vibrate and the instrument will give a bleating sound. The noise can be

made Touder by rolling a cornucopia or horn and putting on the tube as shown

in the Tast figure, or the tube can be poked through a hole in the bottom of a

styrofoam cup, to act in the same way.

4\ /:"i ) IA) A = \

Qualitative: How does the reed work?

This type of reed, in which the flap closes off the aperture completely, is
known as a "beating reed", and is used in the clarinet, oboe and bassoon. The
clarinet has one reed, and the oboe and bassoon two reeds beating together. The

vocal cords are also similar.

“

. 5

2. 7
L



A puff of air is allowed into the pipe each time the flap opens and,cioses3
and such sharp puffs have a lot of high frequencies in them, in addition to the
Jowest frequency, or fundamental. Now, cut the corners” off the reed, as shown

| = | ECUT

.
1
il

[P

(Take care that the reed covers the tube=éatherwi5? it will not wgrk). Doe
the pitch go up or down? The natural frequency of vibration of the reedgl(as

with all simple harmonic motion) is higher the smaller the mass oscillating.

Why does putting the horn over the reed make it sound Touder? .

In a wind instrument, :he reed is not free to vibrate at its natural

[ed

““frequency, as here, but is forced to oscillate at the resonant frequency of

;the‘tﬁbe of the instrument. The paper reed can only vibrate at a low
Freéuéncy, so you would need a tube about three feet long to be able to bring

the re=d into resonance. [f you have such a tube, you could,try it out.

3

We can examine the way the voice works using this device. The paper

LRy ]

cup over the end of the tube has its own resonant frequency. The vocal tract

(larynx, mouth) behaves similarly in the case of the voice. The resonance is
. - i

L=

at a high frequency, and tends to emphasize frequencies produced by the reed
in this viéinityé;these resonant frequencies are called formants in the case of
the voice, and determine whether you are saying "oo" or “aﬁ”a even if our voice
holds the same basic fundamental pitch.

While %uckiﬁg on the reed, close the cup partially with one hand, then
open it again. Doing so alters the formants, and it is quite easy Lo get the
device to say "ma ma" or even more difficult vowel sounds with a 1itt1e

practice.







T

Try cutting the tube shorter, and shorter. Does the pitch of the reed change?
At what length does the reed stép functioning? Ciéar1y5§thé air in the tube
is necessary to the functioning of the reed, even though the Tength does not

#
determine the pitch in the same way as it does for an open pipe.

L4 cut 3
2
=1 cut 2

= cut 1




Experiment {,Combination tones

Materials: - Soda straws

instructjqps: - Cut one soda straw two inches long, and one 2 2/3 dinches
long. One has a ﬁitch approximately 3300 and the other 2828 Hz.

Now, blow them simultaneously as shown

What do you hear?
Quantitative - in addition to the two tones, a third is heard. If you cut a
soda straw 8 inches long corresponding to the difference in frequency of

the two straws, (%25 Hz) it may help you to hear this different tone.



EXPERIMEN®(. SR2sonance in Sound
Materials: Two Styrofoam or Dixie cups, straw, sheet of card.

Procedura: Poke a hole with a pencil in the bottom of the cup, and insert about
two inches of straw, as shown :

Attach it firmly by putting strips of.cellotape around the Junction.
Now carefully insert the straw in'your ear, and cover the mouth®of
the cup with a sheet of card. o

,E)‘

Leave an opening for sound to get!/in as shown. .You have probably, at
some time or another, "listened to the sea" by holding a conch shell to
your ear, and you will find you can hear the sea just as clearly with

the cup as the shell. - What is happening i% that the cup resonates- to

a certain unique pitch or frequency. Just as the pendulum responds to
oscillations of only one frequency, so the cup responds to only one
pitch. So, of all the sounds in the room, you hear this pitch

1 greatly exaggerated. To find which pitch this is, ask someone to
7 sing or hum continuously from low to high. You will hear the resonant
g pitch stand out, sounding loud compared with the Others. Now, the

size of the cup determines the pitch, .so take a second cup, and put it
over the.first instead of the card with e olgh gap between to let sound in
(or you'can poke a hole through the base)d You will find it resonates

at a lower frequency and, in fact, it-will goout an-octave lower,
because you have twice the volume of containe You can also vary

the resonant pitch by moving the card across the top. When the card
covers most of the cup, the resonance is $harp, (i.e., .that one pitch

is much exaggerated, or amplified) as the card is moved back, the
resonance pitch becomes less sharp, until, when completely reméved,

there 1is practically no resonance at all.

Qualitative questions: Why should a hollow container resonate in this way? Think
about the way sound bounces around inside the cup, and the way, if you
blow across the top of a bottle (or across the opening left when the
card all but covers the cup) you get a note, which is the resonant
frequency of the device--this can be used to find the resonant
frequency of your cup-resonator instead of humming.

Yy 7
I;) V)
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Resonance in Sound
Page 2.

Quantitative questions: The linear size of the cup 1s a fraction of the
wavelength to which it resonates. Measure the size of the cup. The
frequency times the wavelength is the velocity of sound, so to what
frequency does the size correspond? The velocity of sound.in air
is 1100 ft. per second. Is the real frequency higher or Tower than
this?, (Remember, middie C on a piano has a frequency of about

+ 260 cycles per second, and when you bTow across a straw 6 inches
Tong, open at both ends, it vibrates at 1100 cycles per second.

)
J
b
5




Experimentdsf The string Telephone B
Materials: two styrofoam cups, string

Procedure: fie a knot in anpiéce of string, and draw the string through a

small hole in the bottom of a Dixie or styrofoam cup. Draw the string bet-

ween the thUmb and forefinger.

Qualitative Questions: Are the vibrations generated longitudinai - trans-
verse? Why does the cup appear to amp1ify§the sound? Does the pitch go up
and down as you hold the string tighter, and put more tension on ne string?
Now, push the end of the string through a small hole in the cottom of
the second cup. MWhen you talk into it, the speech 1is clearly audible in the

first cup, even with a string ten to thirty feet Tong.

Qua1itativ; Questions:1)Why does its sound travel better through the string
than through the air?z)ﬁ}a high or 1Dw'frequencies transmitted better?

3)Does this depené on the tightness and density of the string &M the size of the
cup? 4) Approximately how much more energy reaches the hearer's ear with

¥

the cup than without it?

Flying circus of physics 1.9
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